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ABSTRACT 
Hydrogen is a ‘zero-emission’ energy carrier, which could be an important part of 
environment-friendly solutions to the global energy crisis via energy storage without 
producing greenhouse gases. The proton exchange membrane electrolyzer cell (PEMEC) 
is one of the most practical and energy efficient methods for producing high purity 
hydrogen from renewable sources, such as wind, hydro and solar energy. Since the wide 
commercialization of PEMECs is still hindered by their performance, cost and durability, 
superior performance PEMECs with low-cost and high-efficiency are strongly desired. The 
membrane electrode assembly (MEA), which consists of liquid/gas diffusion layers 
(LGDLs), catalyst layers (CLs) and membrane, is the core component of the PEMECs. 
LGDLs play an important role in enhancing the performance of PEMECs. They are 
expected to transport electrons, heat, and reactants/products simultaneously with minimum 
electrical, thermal, interfacial, and fluidic losses. CLs are mainly formed by noble metals 
or their oxides, which has great impact on PEMEC performance, durability and cost. The 
objective of this research is to develop novel MEAs coupled with the titanium-based 
thin/tunable LGDLs (TT-LGDLs) that has the well-controlled pore morphologies. The 
main achievements of this research include: (a) The TT-LGDLs can achieve superior 
performance due to the remarkably reduced ohmic and activation losses, and the effects of 
pore morphologies have been identified. (b) The gold electroplating is a promising method 
for the PEMEC performance enhancement by surface modifications. (c) The microporous 
layers (MPLs) offer some improved PEMEC performance under specific conditions, but 
vi 
 
may not be required for optimum TT-LGDLs. (d) The novel GDEs with ultra-low Pt 
catalyst loadings have been developed, which has obtained an acceptable performance with 
a significantly improved catalyst mass activity. (e) The theoretical analysis is adopted to 
study the true electrochemical reaction mechanism in PEMECs, and a model is developed, 
which is used to simulate the PEMEC performance and optimize the parameters of the 
electrodes. The novel thin MEAs developed in this research point out a promising direction 
for future MEA development, and can be a guide for the high-efficiency and large scale 
energy storage. 
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CHAPTER I 
INTRODUCTION  
1.1 Overview 
Renewable energy sources, including solar, wind, hydro, biomass and geothermal power, 
produce electricity in sustainable ways, while most of these renewable sources are variable 
and often produce electricity intermittently (e.g., only when the sun is up or the wind is 
blowing), which presents a major challenge to delivering consistent power to grid. In 
addition, the current electrical grid has limited ability to digest the fluctuation from 
renewable energy sources. Therefore, a sustainable, high-efficiency, and robust 
electrochemical energy storage/conversion or a hybrid system to accommodate daily or 
even hourly changes of energy demand becomes more critical [1-6].  
Hydrogen is a ‘zero-emission’ energy carrier which could be an important part of 
environmentally friendly solutions to the global energy crisis via combustion or 
transformation into electricity through fuel cells without producing any greenhouse gases 
and pollutants. However, hydrogen is not an energy source, and it doesn’t exist in nature 
in elemental or molecular form. Therefore, hydrogen must be produced or generated. An 
advanced proton exchange membrane electrolyzer cell (PEMEC), which is a reverse PEM 
fuel cell (PEMFC), has been considered as an very attractive energy storage method by 
producing hydrogen/oxygen from water splitting as shown in Equation 1 [7], especially 
when it is coupled with renewable energy sources, because it has several advantages, such 
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as distinguished efficiency, high purity products, compact design, large capacity, quick 
response, and low maintenance activities. It effectively connects renewable electricity 
supply and multiscale energy demand, including stationary, transportation, and portable 
applications [8-12]. When renewable energy resources are available, it can be stored in 
hydrogen through PEMECs. Later, hydrogen can be converted back to water and electricity 
with a PEMFC, when more energy demand, as shown in Figure 1. Additionally, surplus 
electricity in electric grids during off-peak periods can also be stored via the PEMEC. This 
entire portfolio will make hybrid energy systems able to provide renewable and reliable 
energy at different scales whenever/wherever needed. More importantly, its key features 
of high efficiency, large capacity, quick startup, hazard free and low maintenance make 
PEMECs coupled with renewable energy source more attractive [13-16]. 
𝑯𝟐𝑶 + 𝟐𝟑𝟕. 𝟐
𝒌𝑱
𝒎𝒐𝒍
(𝑬𝒍𝒆𝒄𝒕𝒓𝒊𝒄𝒊𝒕𝒚) + 𝟒𝟖. 𝟔
𝒌𝑱
𝒎𝒐𝒍
(𝑯𝒆𝒂𝒕)  
𝑪𝒂𝒕𝒂𝒍𝒚𝒔𝒕𝒔
→       𝑯𝟐 +
𝟏
𝟐
 𝑶𝟐   Equation 1 
But, the wide commercialization of PEM electrolyzer cells is still hindered by their 
performance, cost and durability. For the performance assessment, the polarization curves 
are widely used, which is one of the most important parameter for PEMEC. Superior 
performance of water splitting in PEMECs with low cost and high efficiency are strongly 
desired for hydrogen production. Membrane electrode assembly (MEA), which consists of 
liquid/gas diffusion layers (LGDLs), catalyst layers (CLs) and membrane, is the core 
component of the PEMECs. It can significantly affect the cost, performance and efficiency 
of the PEMECs. Therefore, this research is to develop a kind novel thin MEAs with high 
efficiency and low cost.  
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Figure 1. Schematic of applications of PEMECs and PEM fuel cells coupled with 
sustainable energy sources.  
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1.2 Background 
A PEM electrolyzer cell mainly consists of a catalyst-coated membrane (CCM) 
sandwiched by anode and cathode electrodes, as shown in Figure 2. Each electrode includes 
a catalyst layer (CL), a liquid/gas diffusion layer (LGDL), and a bipolar plate (BP), which 
also acts as the current distributor (CD) and the flow field. After electricity is applied, water 
is split into molecular oxygen, protons, and electrons at the anode side, as shown in Figure 
2.  
Di-oxygen, as one product on the anode CLs, is ideally transported from the CL through 
the LGDL back to the flow field to avoid blocking the LGDL, which can hinder the 
reaction. Electrons, which are also generated at anode CLs, pass through the LGDL, anode 
BP, and external circuit. Meanwhile, protons diffuse through the membrane to the cathode 
and react with electrons which come from the external circuit to form di-hydrogen. H2/O2 
will be produced and stored continuously as long as water and electricity are supplied. 
Thus, not only should the water be supplied continuously, but also the oxygen and 
hydrogen should be effectively removed through the LGDLs. 
The anode of PEMECs resides in a harsh environment, which is highly corrosive due to 
the high overpotential, oxygen enrichment and high humidity. The LGDLs, which are 
located between the CL and BP, play an important role in enhancing the performance of 
water splitting in PEMECs. They are expected to transport electrons, heat, and 
reactants/products simultaneously with minimum voltage, current, thermal, interfacial, and 
fluidic losses.  
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Figure 2. Schematic of the general working process of a PEMEC at cross-section view. 
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Carbon materials (like carbon paper or carbon cloth), which are typically used in PEMFCs, 
are unsuitable on this side of the PEMECs due to the high potential of the oxygen electrode 
[17-24]. Ideal anode LGDLs should have good conductivity, high corrosion resistance, 
good two-phase transport capability and mechanical strength. Metallic LGDLs and bipolar 
plates, including titanium, have attracted more interest in both PEMECs and PEMFCs due 
to their high conductivity, rapid production, and low cost [25-29]. 
Grigoriev et al. conducted an optimization of porous current collectors. The optimum 
porosity and mean pore size value were investigated of porous titanium plates formed by 
thermal sintering of spherically particles. According to his research, the mean pore size of 
the particles and the thickness of the titanium plates have a significant effect on current-
voltage performances. They pointed out that the optimum spherical particle sizes are 50 - 
75 µm and the optimum pore size value is 12 - 13 µm. Whereas, the porosity (between 0.35 
- 0.40) and gas permeability of the porous titanium plates don’t have a significant influence 
on electrolysis efficiency [30]. Millet et al. noted that it is necessary to reduce the ohmic 
resistance between the separator plates and current collectors in order to improve the 
performance of the PEMECs, which can be achieved by smoothing the contact between 
different components [31]. Ma et al. investigated some factors including LGDL’s thickness 
iridium catalyst loading, membrane thickness and operating temperature, which may have 
an effect on the performance of water electrolyzer. They concluded that a thinner carbon 
paper used as anode LGDL will improve the PEMEC performance due to its better gas 
diffusion property and smaller resistance [32].  
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Oh et al. introduced a pore size gradient structure inside LGDL in order to improve the 
performance of a PEMFC which takes the reverse process of a PEMEC. They concluded 
that the pore size gradient structure can enhance the steady-state and transient response of 
a PEMFC [33]. Lettenmeier et al. have also developed a novel pore-graded LGDLs for 
PEMECs via the vacuum plasma spraying method. The pore radius in the layers of the 
GDL close to the BP is about 10 μm, while those in contact with the CL are just in the 
range of 5 μm. The pore-graded LGDLs achieved PEMEC performances comparable to 
those of the state-of-the-art sintered plates and far superior than those of meshes. [34]. 
Hwang et al. made MPL by loading titanium powder over titanium felt for PEMECs to 
promote interfacial contacts [35]. And they also investigated titanium felt LGDL of the 
anode electrode. The effect of pore properties and PTFE content for titanium felt LGDL 
on performance were examined [36]. Ito et al. carried out PEMEC experiment focusing on 
the porosity and pore diameter of titanium felt current collectors. Their results showed that 
the electrolysis performance can be improved with decreasing the MPD of the porous 
current collector when the MPD was larger than 10 µm. And they also pointed out that the 
porosity had insignificant effect on the electrolysis performance if the porosity was larger 
than 0.5 [37]. In another study, the influence of porosity and pore diameter of current 
collectors on PEMEC performance was also conducted. The results showed that the oxygen 
bubble produced at anode may block the LGDL when the MPD is less than 50 µm [38]. 
Borgardt et al. have investigated the mechanical characterization and durability of sintered 
porous LGDLs in PEMECs. They fabricated the titanium based LGDLs from tape casting 
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method and analyzed its mechanical stability ex-situ via tensile tests and in-situ in a 
PEMECs with a differential pressure of 50 bar. They concluded that the flow field width 
should be limited to 3 mm in order for a LGDL with a thickness of 500 μm and porosity 
above 25% to be able to withstand 50 bar pressure difference in a cell [39]. Mo et al. have 
studied the effect of parameters of titanium felt LGDLs in a PEMEC, and they found that 
the thickness of LGDLs have a large impact on the EPMEC performance [40]. 
The main efforts in the previous studies so far have focused on investigating conventional 
titanium LGDLs, including felts, woven meshes, or foams. Their thicknesses are larger 
than 0.3 mm with significant electrical conductive path and fluidic resistance. In addition, 
their fiber/foam-based pore morphologies result in large interfacial contact resistance. 
More importantly, random and complicated structures in conventional titanium LGDLs 
make it impossible to control the liquid/gas/electron/thermal distribution. Novel structures 
of LGDLs for good interfacial contact and well controllable pore morphologies are 
expected.  
Titanium based LGDLs are widely used as anode LGDL due to their good bulk 
conductivity, high corrosion resistivity, and excellent mechanical strength. The 
conventional Ti based LGDLs, including Ti felt, Ti mesh, and sintered Ti powers, have 
been widely used and investigated in PEMECs [24, 35, 37, 38, 41, 42]. However, resistance 
to corrosion in such systems is achieved by surface oxide formation, which can increase 
surface electrical resistivity and detrimentally impact cell performance [43]. 
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Hwang et al. tested titanium felt by loading titanium powder or polytetrafluoroethylene 
(PTFE) in the PEMECs. They investigated the effects of pore properties and PTFE content 
on the PEMEC performance [36]. Ioroi et al. investigated the wettability of the titanium 
mesh by loading TiO2
 powder and PTFE. They concluded that the LGDL with hydrophilic 
property showed better performance than the hydrophobic one [44]. Mo et al. have also 
studied the effect of parameters of Ti felt and Ti mesh LGDLs in a PEMEC. They also 
conducted surface treatments such as thermal nitridation and sputter coating, which can 
improve the PEMEC performance significantly [40]. Omrani et al. have reviewed the GDL 
modifications and treatments for improving the performance of PEMECs and PEMFCs. 
They said that the main focus of the modifications was on water management and reactant 
delivery improvement. The typical modifications include the hydrophobisation, structural 
modification and micro porous layer (MPL) [45]. It has been found that an optimum 
amount of coating on GDLs, such as polytetrafluoroethylene (PTFE), or fluorinated 
ethylene propylene (FEP), can improve the water management, but this methods are mainly 
contributed to PEMFC performance enhancement. [46-51] For the structural modification 
of GDLs, thin metal GDLs, GDL with groove and perforation, and porosity graded GDLs 
were mostly widely used [45]. Some researchers have investigated the effects of GDL 
perforation, and forming a water removal path by some advanced methods, such as electric 
discharge machining, laser perforation, or micro drilling [52-55]. But very few studies have 
been worked on the effect of using perforated thin metal sheets as GDLs in both PEMFCs 
and PEMECs [16, 25, 56-60]. 
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Previous efforts have investigated different kinds of titanium based LGDLs, and 
modification methods to improve their performance. We have developed the TT-LGDLs 
with straight-through pores that was fabricated using advanced micro/nano manufacturing 
techniques [25, 61, 62]. By using the surface modifications or treatments, the interfacial 
contact resistance of the TT-LGDLs is expected to be reduced, and it is also anticipated 
that the performance can be improved further [63]. In addition, Based on our previous 
discoveries, the oxygen evolution reaction (OER) sites can be identified by the formation 
of oxygen bubble nucleation sites, which only occur at the rim of the TT-LGDL pores due 
to the large in-plane electrical resistance of the CL and the difficult two-phase transport 
under the TT-LGDL land area [16, 64]. Therefore, it seems that large amounts of catalyst 
located in the middle of the pore area and under the TT-LGDL land area is inactive or 
underutilized to some extent. By introducing the MPLs between the CLs and TT-LGDLs, 
it is anticipated that more OER sites will be accessible and the PEMEC performance can 
be improved compared with TT-LGDLs without a MPL. 
It is well known that the noble metal or their oxides are required for water splitting and 
hydrogen generation by PEMECs, but its drawback is the high cost of the platinum-group 
metals (PGM) as electrocatalysts. [65, 66]. It is due to the harsh environment in PEMECs, 
where there is an acidic environment and only PGM can withstand especially under high 
operating voltages. Water can be split into oxygen and hydrogen through the 
electrochemical reactions under the catalytic effect at low temperature with catalysts which 
are typical IrRuOx at anode and PtB at cathode in PEMECs. The high cost of catalysts is 
11 
 
not a big problem in PEMECs at small scale, but it can increase greatly when the PEMECs 
are applied to industrial usage which has huge hydrogen producing rate [67]. So how to 
decrease the cost of catalysts in PEMECs is a critical problem before its wide 
commercialization.  
Typical and conventional methods of manufacturing membrane electrode assemblies for 
PEMECs including painting, spraying, or printing of catalyst inks, which contain a content 
of electrolyte like Nafion solution or carbon supported catalysts, onto the Nafion 
membrane. Many new fabrication techniques have been used to produce extremely low 
catalyst loading electrodes, such as sputter deposition, reactive spray deposition techniques 
(RSDT), core-shell catalyst structure fabrication, platinum nano cages, etc.[68-70]. The 
polyol method has been considered as an easy method to fabricate nano sized Ir or Ru 
colloids [71]. The Adams fusion method is also an attracting way to prepare fine metal 
oxides powders for electrocatalysts [72]. Sputter deposition with its advantages of low cost 
and easily operation, has been investigated to fabricate electrodes in different type of fuel 
cells, and many of which could have an improved performance and catalyst utilization 
compared to conventional CCM.  
Andrew T. Haug and O’Hayre et al. have found that catalysts deposited directly on the 
membrane didn’t exhibit better performance than deposited on gas diffusion layers (GDLs) 
[70, 73]. Sputter depositing a single layer of platinum on the GDL provided better 
performance (0.28 A/cm2 at 0.6 V) than sputtering the platinum directly onto a Nafion 
membrane (0.065 A/cm2 at 0.6 V). Shen-Yu Fang et al. have used SEM to examine the 
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coated titanium on GDL. They have investigated the performance of the PEMFCs with 
titanium coated GDLs as anode at different operating temperatures of 250C, 450C and 650C. 
The results showed that the MEAs with titanium coated GDLs were superior to that of the 
MEAs without titanium coating [74].  
Theoretical analysis and PEMEC modeling is one of the promising methods to optimize 
PEMEC designs and operating conditions due to its precisely predicting results, time 
saving, and low cost. In the past years, lots of experimental studies have been conducted 
to investigate PEM electrolyzer cell performance under different conditions, but there are 
only a few papers regarding PEM electrolyzer cell modeling [43, 75-78]. Choi et al. 
introduced a simple mathematical model of solid polymer electrolyte water electrolysis. In 
the model, the cell voltage was calculated by the sum of open circuit voltage, electrode 
overpotential, ohmic overpotential due to the membrane and interfacial resistances [79]. 
Gorgun introduced the first dynamic model of PEM electrolyzer cells. This model included 
water transport phenomenon through the membrane due to electro-osmotic drag and 
diffusion [80]. Lebbal et al. conducted a dynamical model including a steady state electrical 
model and a dynamic thermal model to monitor the PEM electrolysis safety and efficiency. 
In the model, the total relationship of voltage and current density was expressed as four 
parts: open circuit voltage, activation overpotential, diffusion overpotential and ohmic 
overpotential. The diffusion overpotential was related to the values of current due to the 
effects of gas and water transport and the ohmic loss was given by an empirical relation 
[81]. Grigoriev et al. developed mathematical models in order to evaluate the 
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electrochemical performance of atmosphere and high pressure (up to 130 bars) PEM 
electrolyzer cells. To evaluate and optimize electrolyzer efficiency and performance, 
different operating conditions including pressure, temperature, current density, membrane 
thickness are discussed [30, 82]. Marangio et al. also conducted a detailed theoretical 
model to analyze characteristics of a high pressure PEM electrolyzer cell. In their model, 
the Gibbs free energy was used to calculate the open circuit voltage under non-standard 
temperature and pressure conditions [83]. Water flow inside the electrolyzer cell included 
several parts: water inlet and outlet flow in the anode and cathode, water transport due to 
concentration difference, water transport due to the electroosmotic drag, water transport 
due to pressure difference across the membrane, and water consumed by the 
electrochemical reaction. The ohmic resistance was calculated by the sum of electrodes, 
plates, membrane resistance and interfacial contact resistance between them. A series of 
modeling polarization curves of PEM electrolyzer cells was obtained and then compared 
with the experimental results. Our group has also established a model which fully consider 
the effects of various operating conditions and design parameters on the cell performance 
based on the porous LGDLs. Based on the above reviews, since existing models did not 
fully consider the effects of various operating conditions and design parameters on the cell 
performance, a comprehensive model for better correlating the effects of both design 
parameters and operating conditions with PEM electrolyzer cell performance is strongly 
desired. 
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1.3 Objectives 
The objective of this research is to develop novel thin MEAs coupled with the titanium 
based novel thin/well-tunable LGDLs (TT-LGDLs) for electrolyzer cells with the help of 
micro/nano technology, thermal fluid science, and novel materials. The main tasks include: 
(a) The experimental investigation of TT-LGDLs, including study the effects of pore size, 
porosity, pore shape, and temperature etc.; (b) The performance enhancement with surface 
modified TT-LGDLs by both direct surface modifications and indirectly MPLs; (c) The 
development and investigation of novel thin gas diffusion electrodes; (d) The theoretical 
analysis to study the true electrochemical reaction mechanism in PEMECs, and to establish 
a model to simulate the performance, current distribution and optimize the parameters of 
electrodes. 
The novel TT-LGDLs have the advantages of low weight and thickness, well-controllable 
pore morphologies such as pore shape, pore size, pore distribution, and therefore porosity 
and permeability. Successful development of a TT-LGDL, which is more reliable and 
reusable, will reduce the cost, thickness, and weight of the LGDL itself and the system as 
a whole. Therefore, this study will comprehensively investigate the effects of the TT-
LGDL parameters. A high-speed and micro-scale visualization systems (HMVS) will be 
used to reveal the true electrochemical reaction (HER and OER) mechanism in PEMECs, 
which helps to investigate the effects of the TT-LGDLs and catalysts.  
For PEMEC performance enhancement, the direct surface modification methods, such as 
sputter deposition and electroplating, will be used. In addition, indirect method that is the 
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addition of MPLs, will also be adopted. The effects of MPL particle size and thickness will 
be investigated in-situ and ex-situ comprehensively, and their effects will be visualized and 
investigated by the HMVS.  
Based on the previous discoveries, a novel thin and tunable GDE with a catalyst layer 
thickness of tens of nano meters and a total thickness of about 25 µm has been proposed 
and developed. By using sputter deposition, the novel thin GDEs with ultra-low catalysts 
loading can be achieved without losing good performance. The activities of catalysts are 
analyzed comprehensively by HMVS, and the novel thin GDEs can significantly improve 
the electrocatalysts mass activity in PEMEC.  
A comprehensive computational model for the PEMECs with TT-LGDLs at anode side 
will be established, and MATLAB/Simulink is adopted to develop this novel model. A new 
ohmic loss submodel for PEMECs, including the interfacial contact resistances between 
the CLs and TT-LGDLs, has been proposed. Furthermore, the roughness factor in the 
Butler-Volmer equation, which is used to calculate the activation overpotential, can greatly 
influence the PEMEC performance by pore morphology of the TT-LGDLs, and its relation 
has been embedded in the comprehensive computational model. The influence of the 
operating conditions and TT-LGDL pore diameter and porosity on PEMEC performance 
can be investigated precisely. More importantly, a novel two-dimensional (2D) CL 
resistance model, which consists of both in-plane and through-plane resistance models, is 
also developed to predict the current distribution on the CLs. 
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2.1 Graphical Abstract 
 
2.2 Abstract 
Liquid/gas diffusion layers (LGDLs), which are located between the catalyst layer (CL) 
and bipolar plate (BP), play an important role in enhancing the performance of water 
splitting in proton exchange membrane electrolyzer cells (PEMECs). They are expected to 
transport electrons, heat, and reactants/products simultaneously with minimum voltage, 
current, thermal, interfacial, and fluidic losses. In this study, the novel thin titanium-based 
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LGDLs which are only 25 µm in thickness with straight-through pores and well-defined 
pore morphologies are comprehensively investigated for the first time. A thin titanium-
based LGDL with a 400 µm pore size and 0.7 porosity achieved a best-ever performance 
of 1.66 V at 2 A/cm2 and 80 oC, as compared to the published literature. The thin/well-
tunable titanium based LGDLs remarkably reduce ohmic and activation losses, and it was 
found that porosity has a more significant impact on performance than pore size. In 
addition, an appropriate equivalent electrical circuit model has been established to quantify 
the effects of pore morphologies. The rapid electrochemical reaction phenomena at the 
center of the PEMEC are observed by coupling with high-speed and micro-scale 
visualization systems. The observed reactions contribute reasonable and pioneering data 
that elucidate the effects of porosity and pore size on the PEMEC performance. This study 
can be a new guide for future research and development towards high-efficiency and low-
cost hydrogen energy. 
2.3 Broader Context 
Hydrogen is a ‘zero’ emission energy carrier which could be an important part of 
environmentally friendly solutions to the global energy crisis via combustion or 
transformation into electricity through fuel cells without producing any greenhouse gases 
and pollutants. Proton exchange membrane (PEM) water splitting is one of the most 
practical and high-efficiency methods to produce pure hydrogen from renewable sources 
like wind and solar energy. The wide commercialization of PEM electrolyzer cells is still 
hindered by their performance and durability. Successful development of a thin titanium 
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liquid/gas diffusion layer (LGDL) will reduce the cost, thickness, and weight of the LGDL 
itself and the system as a whole. This investigation demonstrates the ability to produce 
LGDLs with precise control of pore size, shape, distribution, and therefore overall porosity 
and permeability, which can aid in developing modeling routine or validating simulations. 
More importantly, thin titanium based LGDLs will lead to a manufacturing solution to 
couple the LGDL with the metallic bipolar plates, since they can be easily integrated 
together by top-down and bottom-up manufacturing process. Thus, one metallic part could 
function simultaneously as flow field, bipolar plate, current distributor/collector, and 
LGDL. 
2.4 Introduction 
Renewable energy sources, including solar, wind, hydro, biomass and geothermal power, 
produce clean electricity in sustainable ways. However, most of these renewable sources 
are variable and often produce electricity intermittently (e.g., only during daylight or when 
windy), which present major challenges to delivering consistent power to operate today’s 
electrical grid. In addition, the current electrical grid has very limited ability to digest the 
fluctuation from renewable energy sources. Thereby, a sustainable, high-efficiency, and 
robust electrochemical energy storage/conversion or a hybrid system to accommodate daily 
or even hourly changes becomes more critical [1-9]. An advanced proton exchange 
membrane electrolyzer cell (PEMEC), which is a reverse PEM fuel cell (PEMFC), has 
been considered as a very attractive energy storage method for producing hydrogen/oxygen 
from water splitting when coupled with renewable energy sources. PEMECs have several 
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advantages, such as distinguished efficiency, compact design, large capacity, quick startup, 
and low maintenance activities, and effectively connect renewable electricity supply and 
multiscale energy demands including stationary, transportation, and portable applications 
[10-16]. When renewable energy resources are available, hydrogen/oxygen will be 
produced and stored with a PEMEC. Later, hydrogen/oxygen can be converted back to 
water and electricity with a PEM fuel cell (PEMFC), whether the renewable source is 
available or not. Additionally, surplus electricity in electric grids during off-peak periods 
can also be stored via the electrolyzer. This entire portfolio will make hybrid energy 
systems able to provide renewable and reliable energy at different scales whenever and 
wherever needed [17-22]. 
A PEM electrolyzer cell mainly consists of a catalyst-coated membrane sandwiched by 
anode and cathode electrodes, as shown in Figure 3. Each electrode includes a catalyst 
layer (CL), a liquid/gas diffusion layer (LGDL), and a bipolar plate (BP), which also acts 
as the current distributor (CD) and the flow field. After electricity is applied, water is split 
into molecular oxygen, protons, and electrons at the anode side, as shown in Figure 3. Di-
oxygen, as one product on the anode CLs, is ideally transported from the CL through the 
LGDL back to the flow field to avoid blocking the LGDL, which can hinder the reaction. 
Electrons, which are also generated at anode CLs, pass through the LGDL, anode BP, and 
external circuit, and then back to the cathode side. Meanwhile, protons pass through the 
membrane to the cathode and react with electrons which come from the external circuit to 
form di-hydrogen. H2/O2 will be produced and stored continuously as long as water and 
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electricity are supplied. Thus, not only should the water be supplied continuously, but also 
the oxygen and hydrogen should be effectively removed through the LGDLs. This is 
especially important at high current density, where mass transport is a dominant limiting 
factor of PEMEC performance [23-25]. 
The anode resides in a harsh environment, which is highly corrosive due to the high 
overpotential and humidity. Carbon materials (like carbon paper or carbon cloth), which 
are typically used in PEMFCs, are unsuitable on this side of the PEMECs due to the high 
potential of the oxygen electrode [14, 26-32]. Ideal anode LGDLs should have good 
conductivity, high corrosion resistance, good two-phase transport capability and 
mechanical strength. Metallic LGDLs and bipolar plates, including titanium, have attracted 
more interest in both PEMECs and PEMFCs due to their high conductivity, rapid 
production, and low cost [33-37]. 
 
 
Figure 3. Schematic of thin titanium LGDL functions.  
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Grigoriev et al. conducted an optimization of porous current collectors. According to his 
research, the mean pore size of the particles and the thickness of the titanium plates have a 
significant effect on current-voltage performance. The study found that the optimum sphere 
particle sizes ranged from 50 to 75 µm and the optimum pore sizes were between 12 and 
13 µm, whereas the porosity (between 0.35 - 0.40) and gas permeability of the porous 
titanium plates did not have a significant influence on electrolysis efficiency [38]. Millet 
et al. noted that it is necessary to reduce the ohmic resistance between the separator plates 
and current collectors in order to improve the performance of the PEMECs [39]. Ma et al. 
concluded that a thinner carbon paper used as an anode LGDL will improve the PEMEC 
performance due to its better gas diffusion properties and smaller resistance [40]. Hwang 
et al. made microporous layers (MPL) for PEMECs by loading titanium powder over 
titanium felt to promote interfacial contacts and they also investigated the effect of pore 
properties and PTFE content for titanium felt LGDL of the anode electrode [41, 42]. 
The main efforts in the previous studies, so far, have focused on investigating conventional 
titanium LGDLs, including felts, woven meshes, or foams [43-45]. The thickness of these 
LGDLs were larger than 200 µm with significantly longer electrically conductive path 
lengths and higher fluidic resistances. In addition, their fiber/foam-based pore 
morphologies result in not only nonuniform interfacial contacts, but random pore sizes and 
distributions. These random, nonuniform and complicated structures in conventional 
titanium LGDLs make it impossible to control the liquid/gas/electron/thermal distribution 
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precisely. Therefore, novel LGDLs with tunable and controlled pore morphologies are 
strongly desired. 
In this study, by taking advantage of advanced micro/nano-manufacturing, a new thin, 
planar titanium LGDL with straight-through pores and well-tunable pore morphologies is 
developed. The well-controllable pore size and porosity help to systematically examine the 
effects of the pore morphology, and to characterize the two-phase transport through the 
LGDL. The effects of well-defined pore parameters (such as pore size and porosity) on the 
PEMEC performance are comprehensively investigated for the first time. Both the electro-
potential performance and electrochemical impedance are evaluated with the novel 
LGDLs, and significant improvements have been achieved. Electrochemical impedance 
spectroscopy (EIS) is further analyzed by equivalent electrical circuit fitting which helps 
to identify the effect of each loss in the PEMEC. In addition, the LGDL thickness is reduced 
from greater than hundreds micrometers of conventional LGDLs to only 25 microns, which 
remarkably reduces the transport and ohmic resistances. More importantly, the 
development of thin/well-tunable LGDLs with straight pores permits direct visualizations 
of the electrochemical reactions, which facilitate better understanding of effects of the 
LGDL pore size and porosity. The impressive observation of the visualization reveals that 
the oxygen bubble only nucleate at the rim of the pores and we have established an 
appropriate assumption to analyze and explain the effects of the pore size and porosity for 
the first time. 
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2.5 Experimental Details 
2.5.1 Nano-manufacturing of titanium thin/well-tunable LGDLs 
The thin/well-tunable titanium LGDLs are manufactured lithographically - patterned resist 
masks and chemical wet etching of thin foils which is shown in Figure 11 [46, 47]. Figure 
4 shows a typical scanning electron microscopy (SEM) image of thin/well-tunable LGDLs 
(Sample A1 and A2) used in this study. The thickness of all LGDLs was 25.4 µm. The pore 
shapes of the LGDLs were controlled to be circular and all the pores were distributed 
regularly and uniformly. The pore diameter and the distance between adjacent pore rims 
are defined as pore size and land length, which are represented by D and L, respectively. 
The pore morphology like pore size, pore shape, pore distribution and porosity can be well 
controlled through the mask design and/or etching conditions. 
 
 
Figure 4. SEM images of typical thin/well-tunable titanium LGDLs: (A) Pore 
morphology and structure of Sample A1 with approximately 100 µm pore size and 
0.30 porosity. (B) Pore morphology and structure of Sample A2 with approximately 
200 µm pore size and 0.30 porosity. 
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The porosity of the LGDL ε, is defined as the total pore area, AP, divided by the total area 
of the entity, AH, which can be given as: 
𝜺 =
𝑨𝑷
𝑨𝑯
=
√𝟑
𝟔
𝝅𝐃𝟐
(𝑫+𝑳)𝟐
                                        Equation 2 
This mathematical method was used to design a set of LGDLs with different pore sizes and 
porosities. Due to the manufacturing error, the real parameters of each sample are measured 
before evaluation in PEMECs. The pore size and land length were measured under an 
optical microscope so that the actual porosity can be calculated. Each sample was measured 
five times and the parameters are the average of the measured data, as shown in Table 1. 
Eight samples with different parameters, including pore sizes and porosities, were used. 
Various pore sizes ranging from 100 - 800 µm with approximately 0.3 porosity were 
prepared to investigate the effects of the pore size (A samples). To study porosity, three 
additional LGDLs (B samples) were made with 0.7 porosity and pore sizes (about 400, 
600, and 800 µm). 
2.5.2 PEMEC and testing system 
The thin/well-tunable LGDLs were tested in a conventional PEMEC. The two end-plates 
were made from commercial grade aluminum and designed to provide even compression 
pressure on the PEMEC. The cell was compressed by eight evenly distributed bolts which 
were tightened to 4.52 N·m of torque. A copper plate, which was inserted between the 
bipolar plate and end-plate at both the anode and cathode, was used to apply current to the 
PEMEC. The bipolar plates were made of graphite and fabricated with a parallel flow field 
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which was intended to introduce the reactants and products in and out of the PEMEC. 
Titanium thin film with 25 µm thickness and carbon paper (Toray 090 with 280 µm 
thickness and porosity of 0.78) were used as anode and cathode LGDLs, respectively. The 
catalyst-coated membrane (CCM) (Electrolyzer CCM from FuelCellsEtc, EZ-CCM) was 
comprised of a Nafion 115 membrane, a perfluorosulfonic polymer with a thickness of 125 
µm, an anode catalyst layer with an IrRuOx catalyst loading of 3.0 mg/cm
2, and a cathode 
layer with a platinum black (PtB) catalyst loading of 3.0 mg/cm2 with a 5 cm2 working 
area. Table 2 shows the detailed characteristics and experimental conditions. 
The PEMEC was attached to an electrolyzer control system with current range up to 100 
A and voltage range up to 5 V. The hardware was connected to EC-Lab, an electrochemical 
analysis software from Bio-Logic, which was used to evaluate performance and perform 
electrochemical impedance spectroscopy (EIS). For controlling the flow, a system of 
tubing was connected to the PEMEC. While the cathode tubing was merely intended to 
safely exhaust hydrogen gas that formed during electrolysis, a diaphragm liquid pump from 
KNF Neuberger was used to supply de-ionized (DI) water at a constant volumetric flow 
rate of 20 ml/min to the anode. The water bath (General Purpose Water Baths of Model 
WB10 from PolyScience) was used to pre-heat the DI water to designed temperatures. Two 
heaters used to heat the PEMEC were inserted into the end-plates at both anode and cathode 
and two thermocouples used to measure the temperature were inserted into the bipolar 
plates at both anode and cathode. Both of the heaters and thermocouples were connected 
to a temperature control system (Multi-Zone controller from OMEGA). 
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Table 1. Parameters of the titanium thin LGDLs. 
Index of the 
LGDL 
Pore Size 
(D)[µm] 
Land Length 
(L)[µm] 
Pore  
Distance 
[µm] 
Calculated 
Porosity (𝜀) 
A1 101.06 77.07 178.13 0.29 
A2 199.11 142.41 341.52 0.31 
A3 424.64 292.91 717.55 0.32 
A4 586.96 448.51 1035.47 0.29 
A5 791.61 589.51 1381.12 0.30 
B3 415.51 52.74 468.25 0.71 
B4 585.46 89.91 675.37 0.68 
B5 789.16 113.21 902.37 0.69 
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Table 2. PEM electrolyzer characteristics and experimental conditions. 
Characteristics and conditions Value 
Membrane Type Nafion® 115 
Membrane Area 5 cm2 
Membrane Thickness 125 µm 
Anode Catalyst Loading 3.0 mg/cm2 (IrRuOx) 
Cathode Catalyst Loading 3.0 mg/cm2 (PtB) 
Anode LGDL titanium thin film 
Cathode LGDL Toray 090 carbon paper 
Operating Temperature 20, 40, 60, 80 oC 
Operating Pressure 1 atm 
Anode Water Flow Rate 20 ml/min 
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For performance evaluation, an increasing current density was applied to the PEMEC and 
the current was stepped up from a current density of 0.2 A/cm2 to 2.0 A/cm2 with a step of 
10 mA/s. Galvanostatic electrochemical impedance spectroscopy (GEIS) was used to 
measure the impedance of the PEMEC at different operating conditions. In this method, 
the current is controlled as opposed to the potential. The test station was equipped with an 
operating current range of -100 A to +100 A and a voltage range of 0 V to 5 V. The current 
precision was 100 fA. The scanning frequency was varied from 15 kHz to 10 mHz, and 
recorded 20 points of data per decade. For analyzing impedance data, a Nyquist plot is 
normally used. 
2.6 Results and Discussion 
2.6.1 The impact of the pore size and porosity 
All the titanium thin/well-tunable LGDLs were evaluated in a standard PEMEC. They were 
applied and tested as anode LGDLs. The performance of the PEMEC can be derived based 
on polarization curves of the current density and voltage. The lower voltage at a given 
current density indicates better PEMEC performance. Figure 5 shows the PEMEC 
performance results of all the eight LGDLs with different pore sizes and porosity under the 
same operating conditions. As is shown in Figure 5, increasing the pore size from 101 µm 
to 791 µm (A1 to A5 with the same porosity of about 0.3), the PEMEC performance 
decreases. The LGDL with a pore size of 791 µm (A5) results in the worst performance 
among these five LGDLs. For instance, at a fixed current density of 2 A/cm2, the required 
42 
 
cell voltage increased from 1.705 V for the LGDL A1 to 1.726 V for A5, although this is 
still much better than conventional LGDLs [38, 41, 43, 45, 48-52]. The three LGDLs with 
a larger porosity of about 0.7 and smaller pore distances (B3, B4, and B5), show further 
improved performance over LGDLs with similar pore sizes but lower porosity/larger pore 
distance (A3, A4, and A5), and the voltages required at a current density of 2 A/cm2 are 
just 1.661 V, 1.667 V, 1.675 V, respectively. With a lower porosity of about 0.3 and larger 
pore distances, the performance with LGDLs of A3, A4 and A5 were in the range of 1.713 
- 1.726 V at 2 A/cm2. It was noted that porosity had a greater impact on performance than 
pore size. 
EIS is a very useful in situ method for analyzing PEMEC performance measuring the 
impedance of a system at different frequencies. In this study, EIS is conducted on PEMECs 
with different thin titanium LGDLs during performance testing at 80 oC and with a current 
density of 1.0 A/cm2. The scan frequency is set from high to low frequency (15 kHz to 10 
mHz). As shown in Figure 6, there are two x-intercepts: the left one (at the high frequency 
part) indicates the ohmic loss and the right one (at the low frequency part) is the sum of the 
resistance.[45, 53] The distance between the two intercepts indicates the sum of activation 
and mass transport losses.[53, 54] Therefore, the diameter of the first semicircle in Figure 
6 mainly indicates the activation resistance. 
It can be found that a second arc showed up, which is very small, indicating the limited 
mass transport losses. The titanium well-tunable LGDLs with straight pores are thin and 
very hydrophilic. The water contact angle on the thin titanium foil was measured to be 
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around 45o, while the micro pore features on LGDLs cause a wettability change. For 
instance, the water contact angles with air-filled pores for samples A1, A4 and B4 are about 
81o, 63o and 71o, respectively. During the PEMEC operation, the anode LGDLs are 
immersed in liquid water, and the pores of LGDLs are water filled. Under these conditions, 
the LGDL contact angles were found to decrease greatly and liquid water transport through 
LGDLs very quickly during the measurements. These phenomena show that the titanium 
thin/well-tunable LGDLs exhibit very hydrophilic wettability, and significantly reduce the 
transport loss of liquid water from the flow field to the reaction sites in a PEMEC. 
The frequency between the two arcs is about 500 mHz. The LGDL performance 
enhancement is closely related to the impedance changes. LGDLs with a porosity of 0.3 
have larger ohmic resistance, and the value decreases with the increase of porosity. It can 
be seen that for LGDLs with the same porosity, the impedance spectra do not change 
significantly, which coincides with the result of the polarization curves. The ohmic loss 
decreases significantly from around 0.08 ohm*cm2 for the LGDL with a porosity of 0.3 to 
less than 0.07 ohm*cm2 for one with a porosity of 0.7. 
It is also obvious that the 0.7 porosity LGDLs show smaller first and second arcs, which 
indicates that the activation and mass transfer losses decrease with increasing porosity. The 
sum of activation and mass transfer losses are reduced from about 0.046 ohm*cm2 for 0.3 
porosity LGDLs to 0.039 ohm*cm2 for 0.7 porosity LGDLs. The total losses from EIS 
decreased by 14% when increasing porosity from 0.3 to 0.7. The detailed quantitative 
analysis of the EIS will be discussed. 
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Figure 5. Performance comparison curves between different LGDLs. (A) 
performance with a current density range from 0 to 2 A/cm2; (B) close-up of Figure 
3A with a current density range from 1.5 to 2 A/cm2.  
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Figure 6. EIS comparison curves between different LGDLs. 
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2.6.2 Temperature impact 
The open circuit voltage, membrane conductive and activation of a PEMEC have a close 
relation with temperature [25]. In order to get a full understanding of this effect on the thin 
titanium LGDL, the PEMEC performance and EIS were evaluated at different 
temperatures. It can be expected that the PEMEC operating temperature has a significant 
effect on the PEMEC performance. In this study, PEMEC operating temperature was 
varied from 20 oC to 80 oC. 
Figure 7 illustrates the effect of operating temperature on the PEMEC performance and 
EIS. As shown in Figure 7(A), increasing the operating temperature results in a steady 
improvement in PEMEC performance. At a current density of 2.0 A/cm2, the cell voltage 
of PEMEC assembled with LGDL A4 is reduced from 1.971 V at 20 oC to 1.715 V at 80 
oC. Figure 7(B) shows that the ohmic loss decreases significantly with the increase of 
PEMEC operating temperature [23-25]. The ohmic loss of the PEMEC consists of the 
resistances of each component, including PEM, CLs, LGDLs, bipolar plates (BP), and 
interfacial resistances between components. With the increase of the temperature, the 
proton conductivity of the PEM and CLs will increase gradually, leading to decreased 
ohmic losses [55]. The interfacial contacts between components will improve at higher 
temperature, which will also reduce the ohmic loss of the PEMEC. The electrical 
resistivities of LGDL and BP materials do not change much with the temperature range 
from 20 to 80 oC, and their impacts on ohmic losses would be very limited. 
47 
 
 
Figure 7. Impact of temperature change on PEMEC. (A) performance curves 
comparison at different temperature; (B) EIS curves comparison at different 
temperature.  
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In addition, the higher temperature will result in improved diffusion processes, catalytic 
activity and electrode kinetics, and promote oxygen and hydrogen evolution reactions. 
Both the catalytic transfer coefficient and exchange current density increase with the 
temperature [56]. The mass transport in PEMECs will also be enhanced at higher 
temperature. As shown in Figure 7(B), the second arc of the EIS becomes smaller at higher 
temperature. As a result, the PEMEC performance improves significantly with increasing 
temperature. Most importantly, it can be noted that the PEMEC with the new LGDLs has 
an impressive performance even at low temperature (20–40 oC) compared to the literature 
[57, 58], which demonstrates that PEMECs with thin/well-tunable LGDLs can operate at 
room temperature, an exciting possibility for further applications. 
2.6.3 Correlation of pore size and porosity with electrochemical reaction mechanisms 
The total losses in a PEMEC mainly compose of ohmic loss, activation loss, and mass 
transport loss. Using an equivalent electrical circuit (EEC) to model the EIS curves can 
separate each of these losses. Therefore, an electrical circuit model was developed based 
on the generalized Randles equivalent circuit to investigate the effect of each loss [59-61]. 
The EEC model is comprised by all the possible impact elements, including inductor (L), 
resistor of ohmic loss (ROhm), constant phase element (CPE), resistor of activation (R2) and 
Warburg diffusion element (Wd), which is shown in Figure 8. ROhm mainly represents the 
ohmic losses of the whole PEMEC which is caused by membrane, CL, LGDLs, BP and all 
interfacial resistances between each component [62]. The inductance of all the conductors 
in the PEMEC is assumed as L. R2 represents the activation losses, which are mainly related 
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to the kinetics of the reactions at both anode and cathode. CPE is a flexible element, which 
represents a combination of resistor, capacitor and inductor. The surface reactivity, surface 
roughness, electrode porosity and surface inhomogeneity could be effectively affected by 
the CPE [61, 63]. The resistance of the Warburg diffusion element (Wd) is expressed by 
diffusion resistance (Rd) and it is used to judge the effect of diffusion in the PEMEC [61, 
64]. Figure 8 shows an example of EIS fitting of a LGDL. Dots are for test results, while 
solid line represents EEC model fitting curve. The EIS fitting parameters of all LGDLs in 
this study have been listed in Table 3. 
From the Table 3, it can be seen that all the fitting error can be controlled within 0.5%, 
which means the fitting curve have a good coincidence with the experimental data and its 
feasibility is confirmed for the PEMECs with thin titanium LGDLs. For each electrical 
circuit element, the inductor parameters are very small and remain almost unchanged with 
different LGDLs. With the increase of porosity, the ohmic losses, activation losses and 
diffusion losses are all decreased, which lead to good performance of LGDLs. With the 
increase of pore size, the trend of the parameters is not obvious, which indicates that the 
effect of pore size is limited compared to porosity. 
Table 4 shows the fitting parameters of EIS with LGDL A4 at different temperatures at a 
current density of 1.0 A/cm2. It can be found that the inductor changed at different 
temperatures. With the increase of temperature, the ohmic losses and diffusion losses are 
decreased while the activation losses are increased. It should be noted that the ohmic losses 
dominate the losses which leads to better performance at high temperature. 
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Figure 8. EIS results of sample A4 and its equivalent circuit fitting. 
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Table 3. The fitting parameters of EIS of different LGDLs at 1.0A/cm2. 
Sample LInd [H] 
ROhm 
[Ω*cm2] 
CPE_Q 
[F.s^(a-1)] 
R2 [Ω*cm2] 𝑅𝑑[Ω*cm
2] ERROR [%] 
A1 1.23E-08 0.0779 3.48 0.0406 0.006 0.31 
A2 1.19E-08 0.0804 3.31 0.0410 0.005 0.29 
A3 1.28E-08 0.0822 3.36 0.0411 0.004 0.23 
A4 1.24E-08 0.0825 3.61 0.0418 0.004 0.31 
A5 1.21E-08 0.0824 3.47 0.0420 0.004 0.20 
B3 1.24E-08 0.0665 3.88 0.0363 0.003 0.45 
B4 1.20E-08 0.0688 4.04 0.0365 0.003 0.48 
B5 1.28E-08 0.0696 3.64 0.0381 0.002 0.33 
 
  
52 
 
Table 4. The fitting parameters of EIS of A4 with different temperatures at 1.0A/cm2. 
Temperature[oC] LInd [H] 
ROhm 
[Ω*cm2] 
CPE_Q 
[F.s^(a-1)] 
R2 [Ω*cm2] 𝑅𝑑[Ω*cm
2] 
ERROR 
[%] 
20 2.73E-08 0.135 3.23 0.0390 0.014 0.22 
40 2.15E-08 0.110 3.33 0.0391 0.008 0.26 
60 1.73E-08 0.0905 3.46 0.0399 0.007 0.44 
80 1.24E-08 0.0822 3.61 0.0418 0.004 0.31 
 
In order to better understand the impacts of porosity and pore size on the resistance and 
performance of the PEMEC and help us to optimize the properties of LGDLs, the 
mechanism of the electrochemical reaction in PEMEC was analyzed. The high-speed and 
micro-scale visualization was introduced to observe the electrochemical reaction of a 
PEMEC with thin/well-tunable titanium LGDLs and the experiments were conducted in a 
transparent PEMEC. Figure 9(A) shows the visualization of the reaction which occurred in 
a typical pore which comes from the screenshot of a video. In the field of vision, the 791 
µm pore located at the middle of the channel was focused and it is obvious that the 
electrochemical reaction happens only at the rim of the pore. 
From the Figure 9, the bubble generation, growth and detachment can be observed clearly. 
Even under the current density of 2.0 A/cm2, the type of two phase flow in microchannel 
is only bubbly, the bubble detachment diameter is much smaller than the pore size. All 
those visualization results demonstrate that the dynamics of bubble evolution didn’t affect 
the mass transfer much, which means under the range of current density in this research, 
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the effect of dynamics of bubble on the performance of PEMEC can be ignored. This 
conclusion has been also verified in the EIS results in Figure 6. However, there is a very 
interesting phenomena in visualization results. All bubble are nucleating along the rim of 
pore, which also means that the triple phase boundary (TPB) sites are achieved only at the 
sites which are located at the rim of the pore. The sites that don’t satisfy TPB conditions 
will not have electrochemical reaction, and the bubble will not generate and grow. As 
shown is Figure 9(B), there is an in-plane resistance between the sites and LGDL which 
are expressed as Rin-plane. The Rin-plane closes to zero when the sites are located at the rim of 
the pore. Although the catalyst is expected to transport electrons, the Rin-plane of the IrRuOx 
catalyst layer has been found to be more than 10,000 times larger than the thin titanium 
LGDL. The large in-plane ohmic losses in catalyst layers prevent the electrochemical 
reactions from occurring in the middle region of pores and act as an open circuit. 
 
 
Figure 9. Visualization and schematic of the electrochemical reaction at 2.0 A/cm2 at 
pore scale (A) Screenshot of visualization video shows the electrochemical reaction 
phenomenon in one pore. (B) Schematic of electrochemical reaction occurred at pore 
scale. 
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A Hitachi HF3300 scanning transmission electron microscope (STEM) equipped with a 
Bruker energy-dispersive X-ray spectrometer (EDS) and both high-angle annular dark-
field (HAADF) and secondary electron (SE) detectors was used to image the morphology 
and composition of the different catalyst layers. Cross-sectional specimens were prepared 
by diamond-knife ultramicrotomy with a target thickness of 50 - 100 nm. Figure 10 shows 
the cross-section and top-view morphology of the CCMs which were examined by SEM 
and STEM, and it can be seen that both the anode and cathode catalyst particles (IrRuOx 
and Pt Black, respectively) form non-uniformly distributed agglomerates on the surface 
membrane [65]. The anode and cathode catalyst layers are roughly 20 µm and 15 µm thick, 
respectively, and the particle size of cathode PtB is smaller than anode. The membrane is 
observed above the anode, marked by the high fluorine signal in Figure 10(F). Fluorine 
was also present throughout the PtB cathode and is important for proton conduction 
throughout the electrode. The microstructures of the IrRuOx particles at the anode vary 
widely, which may cause different physical properties at a different point on the CL. At 
the anode electrode, water is split into electrons, protons and atomic oxygen at reaction 
sites. The TPB exists where water, good electron and proton conductivity and catalytically-
active sites all meet. It can be assumed that not all of the sites on the CL yield 
electrochemical reactions; these are limited to sites where a TPB exist, which are 
distributed randomly on the CL. 
From the above phenomena and conclusions, some assumptions are made to establish a 
model that could investigate the performance of PEMEC using titanium thin/well-tunable 
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LGDLs: (a) there are n reaction sites on each length l on the rim of the pore; (b) δRm is the 
local resistance of the reaction site m, all reaction sites are in parallel with each other (The 
difference of resistance between each sites probably due to the non-uniformly distributed 
anode catalysts which can be seen in Figure 10.); (c) At is the active reaction area of the 
PEMEC which is 5 cm2 in this study; (d) D and ε are the pore diameter and porosity of the 
thin LGDL, respectively; (e) I is the current of the PEMEC. So the total reaction sites N 
can be calculated by Equation 3. 
𝑵 = 𝟒𝑨𝒕 ×
𝒏
𝒍
×
𝜺
𝑫
                                        Equation 3 
It can be found that with the increase of porosity or decrease of pore size, the total reaction 
sites will increase correspondingly. When the current, I, is kept constant, the 
hydrogen/oxygen production rate will remain unchanged according to Faraday’s Law. So 
the production rate at each reaction sites will decrease when the number of reaction sites is 
increased in order to keep a constant total gas producing rate. For each local reaction site, 
the local voltage, Vm, can be expressed as: 
𝑽𝒎 = 𝑰𝒎 × 𝜹𝑹𝒎    (𝒎 = 𝟏, 𝟐, 𝟑⋯𝑵)                         Equation 4 
Where, Im is the local current at each reaction site and it has a relation with PEMEC current 
I. 
𝑰 = ∑ 𝑰𝒎
𝑵
𝒎=𝟏                                           Equation 5 
The Vm of different reaction sites will be the same due to the parallel relation between all 
the reaction sites. So the local current density may vary because of the different local 
resistance and area of each reaction site, which will cause different oxygen production rates 
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at different reaction sites; this phenomenon can be confirmed from the visualization video. 
When the current remains unchanged, the local current will decrease with the increase of 
total reaction sites N. As a result, the local voltage, Vm, will decrease which will result in 
the decrease of the cell voltage.  
So, it can be concluded that as the total reaction sites increases, the cell voltage of the 
PEMEC will decrease. It can also be found that with larger pore size, a large amount of 
catalyst sites located away from the rim will not behave normally due to the large in-plane 
resistance, which will result in worse performance and catalyst underutilization. By 
increasing the porosity or decreasing the pore size, the number of reaction sites can be 
increased and more catalysts are active. Meanwhile, the total ohmic losses can be decreased 
due to more parallel resistances which exist in the equivalent circuit, which will lead to 
better performance. On the other hand, the increase of the total reaction sites N means more 
active catalyst, which will impact the kinetics and decrease the activation loss. In the 
Butler-Volmer model of kinetics, the activation potential is related to many factors, such 
as reaction mechanism, catalyst morphology, operating parameters, species concentrations 
and so on [55]. The larger porosity LGDLs with more reaction sites will lead to a larger 
roughness factor which causes higher effective exchange current density and result in a 
smaller activation overpotential. It can be concluded that the smaller ohmic loss and 
activation loss are the two main reasons why larger porosity thin LGDLs can achieve better 
performance. 
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Figure 10. SEM and STEM images of catalyst coated membrane (A) SEM image of 
cross-section of catalysts coated membrane with IrRuOx anode at top side and PtB 
cathode at bottom side. (B) Top view images of catalyst particles for IrRuOx. (C) Top 
view images of catalyst particles for PtB. (D) STEM image of IrRuOx at anode with 
complementary EDS spectrum images for (E) IrRu and (F) F. (G) STEM image of 
PtB at cathode with complementary EDS spectrum images for (H) Pt and (I) F.  
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2.7 Conclusion 
In this study, a set of thin and planar titanium LGDLs with well-tunable pore morphologies 
are developed to promote PEMEC performance, and to precisely investigate the impacts 
of the LGDL pore size and porosity. The thin LGDLs have exhibited exceptional 
performance. At a current density of 2.0 A/cm2 with a porosity of 0.7 and a pore size of 
400 µm, the required voltage reaches 1.661 V, the lowest value that has been publicly 
reported so far. The PEMEC has a better performance with a larger porosity under a fixed 
pore size. It also can be found that the PEMEC performance decreases gradually with the 
increase of pore size from 100 to 800 µm, but pore-size impacts are not as significant as 
porosity. Additionally, operating temperatures also have a large impact on the PEMEC 
performance. The PEMEC performance is significantly improved when the temperature 
increased from 20 oC to 80 oC. For better understanding the performance mechanisms, EIS 
evaluations are conducted and comprehensive equivalent electrical circuits, including CPE 
and Warburg diffusion element, are established to quantify the ohmic, activation and 
transport losses, respectively. The ohmic and activation losses are found to play the 
dominant roles in promoting PEMEC performance. By taking advantage of the straight-
through pores of the novel LGDLs, the direct visualizations of the electrochemical reaction 
were captured by a high-speed and micro-scale visualization system. The effect of pore 
size and porosity explained by the electrochemical reaction mechanism that is introduced 
in this study. The great observation reveals that the oxygen bubble only generated at the 
rim of the pores and the performance is closely related to the number of the reaction sites. 
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Larger porosity and smaller pore size can increase the reaction sites in the PEMEC which 
could help to decrease the total ohmic loss and activation loss, which are two dominant 
factors that impact PEMEC performance. Due to the thin feature of the novel LGDL, not 
only the thickness/volume/weight of the PEMEC stack can be reduced greatly, but also the 
materials used for LGDLs can be decreased which helps to reduce the cost. In addition, the 
well-tunable pore morphologies can facilitate the investigation of the two phase flow more 
easily and modeling the flow. Because all titanium thin LGDLs in this study have a better 
performance than the conventional ones (like titanium felt), they are expected to have many 
potential applications in energy and environmental engineering. More work will be 
performed to investigate the other parameters that may have affect the performance of 
PEMEC. 
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Appendix 
Nano-manufacturing of titanium thin/well-tunable LGDLs 
A typical fabrication procedure for thin titanium LGDL begins with the design and 
fabrication of the photomasks, (as shown in Figure 11), which is the most important step 
to control the pore size, pore shape and porosity of LGDLs. A mask pattern was designed 
using commercially available CAD/VLSI software (LayoutEditor, layouteditor.net). The 
design pattern was imported into a Heidelberg DWL 66 laser lithography system and 
patterned on a soda-lime glass mask plate that is pre-coated with chromium and photoresist. 
After patterning, the masks were developed for 1 minute in Microposit® MF® CD-26 
Developer (Shipley Company, Marlborough, MA), rinsed with DI water and dried in N2. 
Masks were then submerged in chrome etchant for 2 minutes, rinsed with DI water and 
dried in N2. The remaining resist was subsequently removed in a heated bath (70 
oC) of N-
methyl pyrolidone (NMP). The titanium thin film was placed on the resist-coated silicon 
wafer with special care due to its delicate features, and gently heated for 90 s at 115 oC. A 
second layer of adhesion promoter (MicroPrime MP-P20, ShinEtsuMicroSi) and 
MEGAPOSIT™ SPR™ 220 photoresist (MicroChem) was applied to the titanium foil 
under identical conditions, and then exposed to UV light using conventional contact 
photolithography. It was then developed in Microposit® MF® CD-26 developer (Shipley 
Company, Marlborough, MA), rinsed with DI water and dried in N2. After patterning the 
photoresist mask on the foil, the patterned material was etched in HF. The photoresist was 
the removed, completing the processing of the thin titanium LGDL. 
70 
 
 
Figure 11. Typical fabrication process for thin titanium LGDLs. 
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Introduction of the high-speed and micro-scale visualization system 
To observe the phenomena of electrochemical reaction inside an operation PEMEC, a high-
speed and micro-scale visualization system (HMVS) was built and used with a transparent 
PEMEC by taking advantage of new LGDL development, which is shown in Figure 12. To 
get the visual image from inside of PEMEC, the following modifications were made to the 
conventional electrolyzer cells: (i) a rectangular hole was cut into the anode end plate as 
an observation window; (ii) the copper anode current distributor was removed; and (iii) the 
graphite anode bipolar plate with a parallel flow field was separated into two parts, one 
was a transparent block with flow-in hole, the other one was a thin titanium plate serving 
as the flow channel. In the transparent electrolyzers, the anode LGDL flow fields with 
current distributors were made chemically through etching titanium plates to form flow 
channels with lands for current distributions. They were capped by transparent plates and 
visually accessed through a rectangular window in the aluminum end plate. A 25 µm 
titanium thin film with 791 µm circular pores was installed as the LGDL during operation 
of PEM water electrolyzer. The channel width was 1061 µm. These changes allow for 
optical imaging of the anode. A high-speed micro-scale visualization system was possible 
using a high speed camera Phantom V711 and long-distance optical system (Infinity K2 
DistaMax). With the V711, a maximum speed of 7530 frames-per-second at full resolution 
can be achieved. At reduced resolutions, the camera can deliver up to 680,000 frames-per-
second or up to 1,400,000 fps with the FAST option. With all this equipment and design, 
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local O2 formation can be monitored and analyzed based on micro-scale bubble formation 
in transparent/operational PEMECs by HMVS. 
 
 
Figure 12. Schematic of high-speed micro-scale visualization system (HMVS) and 
transparent PEMEC with thin film/well tunable LGDL. 
 
Nomenclature 
BP  = Bipolar Plate 
CCM  = Catalyst Coated Membrane 
CD  = Current Distributor 
CL  = Catalyst Layer 
CPE  = Constant Phase Element 
DI  = De-ionized 
EDS   = Energy Dispersive X-Ray Spectroscopy 
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EEC  = Equivalent Electrical Circuit 
EIS  = Electrochemical Impedance Spectroscopy 
F  = Fluorine 
HAADF = High Angle Annular Dark Field 
Ir  = Iridium 
LGDL  = Liquid/Gas Diffusion Layer 
MG  = Modular Galvanodynamic 
ML  = Microporous Layers 
MPD  = Mean Pore Diameter 
MPL  = Micro Porous Layer 
PEM  = Proton Exchange Membrane 
PEMEC = Proton Exchange Membrane Electrolyzer Cell 
PEMFC = Proton Exchange Membrane Fuel Cell 
Pt  = Platinum  
Ru  = Ruthenium 
SE  = Secondary Electron 
SEM  = Scanning Electron Microscopy 
SOEC  = Solid Oxide Electrolyzer Cell 
STEM  = Scanning Transmission Electron Microscopy 
Ti  = Titanium 
TPB   = Triple Phase Boundary 
74 
 
CHAPTER III 
INVESTIGATION OF PORE SHAPE EFFECTS OF NOVEL THIN 
LGDLS FOR HIGH-EFFICIENCY HYDROGEN/OXYGEN 
GENERATION AND ENERGY STORAGE 
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3.1 Abstract 
Proton exchange membrane electrolyzer cells (PEMECs) with its high efficiency even at 
low-temperature operating conditions, have received more attention for hydrogen/oxygen 
generation and energy storage. Liquid/gas diffusion layers (LGDLs), which are located 
between the catalyst layers (CLs) and bipolar plates (BPs), play an important role in 
enhancing the performance of water splitting in PEMECs. They are expected to transport 
electrons, heat, and reactants/products simultaneously with minimum voltage, current, 
thermal, interfacial, and fluidic losses. In this study, a set of novel planar titanium based 
thin LGDLs with straight-through pores and well-tunable pore morphologies, named as 
TT-LGDLs, is developed by taking advantage of advanced micro/nano manufacturing 
methods. The TT-LGDLs with different pore shapes have been in-situ tested in a regular 
PEMEC and the novel TT-LGDLs have achieved a superior performance, which is only 
1.639 V at 2.0 A/cm2 and 80 oC with a commercial catalyst coated membrane (CCM). This 
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novel TT-LGDLs can be a new guide for future research and development towards high-
efficiency and low-cost hydrogen energy 
3.2 Introduction 
Sustainable energy sources, especially the solar energy, are very attractive in human space 
exploration, which can be used to generate power for the equipment in the space 
station/ship. In addition, the environment and life support system need to provide sufficient 
oxygen for the astronauts and sustain a comfortable living environment [1-4]. Therefore, a 
sustainable, high-efficiency, and robust electrochemical energy storage/conversion or a 
hybrid system to accommodate the space exploration becomes more critical.  
An advanced proton exchange membrane electrolyzer cell (PEMEC), which is a reverse 
PEM fuel cell (PEMFC), has been considered as a very attractive energy storage method 
for producing hydrogen/oxygen from water splitting when coupled with renewable energy 
sources [5-10]. Due to the presence of ice on other planetary, as shown in Figure 13, the 
PEMECs coupled with solar energy sources can provide oxygen/hydrogen for future living 
and propulsion fuel [3]. A PEMEC mainly consists of a catalyst-coated membrane 
sandwiched by anode and cathode electrodes. Each electrode includes a catalyst layer (CL), 
a liquid/gas diffusion layer (LGDL), and a bipolar plate (BP), which also acts as the current 
distributor (CD) and the flow field [11], as shown in Figure 14.  
After electricity being applied, water is split into oxygen, protons, and electrons at the 
anode side. Oxygen is ideally transported from the CL through the LGDL back to the flow  
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Figure 13. High-efficiency oxygen/hydrogen generation and energy storage in space 
applications.  
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field to avoid blocking the LGDL, and hindering the reaction. Electrons, which are also 
generated at anode CLs, pass through the LGDL, flow to the external circuit. Meanwhile, 
protons transport through the membrane to the cathode and react with electrons to form 
hydrogen. H2/O2 can be produced and stored continuously as long as water and electricity 
are supplied [12].  
The anode resides in a harsh environment, which is highly corrosive due to the high 
overpotential and humidity [13-15]. Ideal anode LGDLs should have good conductivity, 
high corrosion resistance, good two-phase transport capability and mechanical strength [5]. 
The previous studies, so far, have focused on investigating conventional titanium LGDLs, 
including felts, woven meshes, or foams [4, 16-18]. The thickness of these LGDLs were 
hundreds of microns with significantly longer electrically conductive path lengths and 
higher fluidic resistances. In addition, their fiber/foam-based pore morphologies result in 
not only nonuniform interfacial contacts, but also random pore sizes and distributions. 
Therefore, novel LGDLs with tunable and controlled pore morphologies are strongly 
desired. 
In this study, a novel thin titanium based LGDLs with planar surface, straight-through 
pores and well-tunable pore morphologies were developed and fabricated by photo-
lithography and chemical wet etching. The novel thin/tunable LGDLs (TT-LGDLs) with 
different pore shapes and pore morphologies were investigated in a regular PEMEC, both 
the electro-potential performance and electrochemical impedance spectroscopy (EIS) were 
tested and analyzed. 
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Figure 14. Schematic of PEMECs with TT-LGDLs at anode electrode. 
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3.3 Experimental Details 
The fabrication procedure for the novel titanium TT-LGDLs begins with the design and 
fabrication of the photomasks, which is the most important step to control the pore size, 
pore shape, and porosity of LGDLs [11, 19]. A mask pattern was designed using 
commercially available CAD/VLSI software (LayoutEditor, layouteditor.net). The design 
pattern was imported into a Heidelberg DWL 66 laser lithography system and patterned on 
a soda-lime glass mask plate that is pre-coated with chromium and photoresist. After 
patterning, the masks were developed for 1 minute in Microposit® MF® CD-26 Developer 
(Shipley Company, Marlborough, MA), rinsed with DI water and dried in N2. Masks were 
then submerged in chrome etchant for 2 minutes, rinsed with DI water and dried in N2. The 
remaining resist was subsequently removed in a heated bath (70 oC) of N-methyl 
pyrolidone (NMP). The titanium thin film was placed on the resist-coated silicon wafer 
with special care due to its delicate features, and gently heated for 90 s at 115 oC. A second 
layer of adhesion promoter (MicroPrime MP-P20, ShinEtsuMicroSi) and MEGAPOSIT™ 
SPR™ 220 photoresist (MicroChem) was applied to the titanium foil under identical 
conditions, and then exposed to UV light using conventional contact photolithography. It 
was then developed in Microposit® MF® CD-26 developer (Shipley Company, 
Marlborough, MA), rinsed with DI water and dried in N2. After patterning the photoresist 
mask on the foil, the patterned material was etched in HF. The photoresist was the removed, 
completing the processing of the TT-LGDL. Figure 15 shows the SEM image comparison 
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of conventional Ti felt LGDL and the novel TT-LGDL with a triangle pore and a pore 
length of 644 µm and a porosity of 0.59. 
The novel TT-LGDLs were evaluated in a regular PEMEC, which was compressed by two 
end-plates that were made from aluminum. The current distributor, which was made from 
copper, was inserted between the bipolar plate and end-plate at both the anode and cathode. 
The bipolar plates, which were made from graphite materials, had 14 parallel flow channels 
on it and the dimension of each channel was 0.79 mm*0.79 mm*19.35 mm. The TT- 
LGDLs with 25.4 µm thickness and carbon paper (Toray 090 with 280 µm thickness and 
porosity of 0.78) were used as anode and cathode LGDLs, respectively.  
 
 
Figure 15. SEM image of the LGDLs. (a) Conventional Ti felt. (b) TT-LGDLs with 
triangle pore. 
 
The catalyst-coated membrane (CCM) (Electrolyzer CCM from FuelCellsEtc, EZ-CCM) 
was comprised of a Nafion 115 membrane, which was made of a perfluorosulfonic polymer 
with a thickness of 125 µm, an anode catalyst layer with an IrRuOx catalyst loading of 3.0 
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mg/cm2, and a cathode layer with a platinum black (PtB) catalyst loading of 3.0 mg/cm2 
with a 5 cm2 working area. The detailed information was shown in Table 5. The PEMEC 
was attached to an electrolyzer control system with current range up to 100 A and voltage 
range up to 5 V. The hardware was controlled by EC-Lab, an electrochemical analysis 
software from Bio-Logic, which was used to evaluate performance and perform 
electrochemical impedance spectroscopy (EIS). For controlling the flow, a system of 
tubing was connected to the PEMEC. While the cathode tubing was merely intended to 
safely exhaust hydrogen gas that formed during electrolysis, a diaphragm liquid pump from 
KNF Neuberger was used to supply de-ionized (DI) water at a constant volumetric flow 
rate of 20 ml/min to the anode. The water bath (General Purpose Water Baths of Model 
WB10 from PolyScience) was used to preheat the DI water to designed temperatures. Two 
heaters were inserted into the end-plates at both anode and cathode to heat the PEMEC, 
and two thermocouples were inserted into the bipolar plates at both anode and cathode to 
measure the temperature. Both of the heaters and thermocouples were connected to a 
temperature control system (Multi-Zone controller from OMEGA). 
3.4 Results and Discussion 
The novel TT-LGDLs were tested in a standard PEMEC and the polarization curve and 
electrochemical impedance spectroscopy (EIS) were used to evaluate and analyze the 
performance of the PEMEC. Figure 16(a) shows the polarization curve and HFR of 
PEMECs with the TT-LGDL or Ti felt at anode side, which indicates the performance of 
the PEMECs. It can be seen that the voltage reaches only 1.6716 V at the operating 
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Table 5. PEMECs characteristics and experimental conditions. 
Characteristics and conditions Value 
Membrane Type Nafion® 115 
Membrane Thickness 125 µm 
Catalsyt Active Area 5 cm2 
Anode Catalyst Loading 3.0 mg/cm2 (IrRuOx) 
Cathode Catalyst Loading 3.0 mg/cm2 (PtB) 
Anode LGDL Titanium based TT-LGDLs 
Cathode LGDL Toray 090 carbon paper 
Operating Temperature 80 oC 
Operating Pressure 1 atm 
Anode Water Flow Rate 20 ml/min 
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conditions of 2.0 A/cm2 and 80 oC, which is much lower than the one with conventional Ti 
felt LGDLs. The HFR indicates the total ohmic resistance of the whole PEMEC, which 
mainly consists of the resistance of each components, including PEM, CLs, LGDLs, 
bipolar plate, etc. and interfacial resistances between each component. The main ohmic 
loss comes from the PEM and interfacial resistances. The planar surface of the TT-LGDLs 
improves the contacts between the CL/LGDL and LGDL/BP interfaces, which help to 
reduce the ohmic resistance. 
 
 
Figure 16. Comparison between conventional Ti felt and novel Ti based TT-LGDLs. 
(a) Performance and HFR. (b) EIS curves at 1.0 A/cm2. 
 
EIS is a very useful in situ method for analyzing PEMEC performance by measuring the 
impedance of a system at different frequencies. In this study, EIS is conducted on PEMECs 
with different titanium LGDLs during performance testing at 80 oC and with a current 
density of 1.0 A/cm2. The scan frequency is set from high to low frequency (15 kHz to 10 
mHz). A Nyquist plot of EIS result is shown in Figure 16(b). There are two x-intercepts: 
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the left one (at the high frequency part) indicates the ohmic loss and the right one (at the 
low frequency part) is the sum of the resistance. The distance between the two intercepts 
indicates the sum of activation and mass transport losses [5]. The diameter of the first 
semicircle mainly indicates the activation resistance. Thereby, the second semicircle 
indicates the mass transport loss. It can be seen that the right x-intercept is in accordance 
with the HFR in Figure 16(a), which all represent the ohmic resistance. The TT-LGDLs 
can achieve much smaller ohmic resistance than Ti felt, which contribute to the better 
performance of PEMECs. 
The TT-LGDLs with different pore shapes and parameters were also investigated and the 
detailed parameters were listed in Table 6. Figure 17 shows the microscope images for the 
samples with different pore morphologies. It can be seen that the pore shapes are well 
controlled, the shapes can be circular, triangle, and square. In addition, the pore distributed 
uniformly on the TT-LGDLs according to the designed patterns. The pore size and distance 
between each pore can also be precisely controlled. The pore size was varied from ~200 
µm to ~900 µm, and the porosity was in the range of 0.26 to 0.76, which is a wide range 
for the micro pore morphology. 
All the 9 TT-LGDLs were in-situ tested in a PEMEC and the polarization curves were 
shown in Figure 18. From the previous studies, it has been found that the TT-LGDLs with 
circular pore shape can achieve superior performance, and the smaller pore size and large 
porosity help to improve the performance [5, 13]. Therefore, it is expected that the TT- 
LGDLs with triangle and square pore shapes would also follow this rule. 
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Table 6. TT-LGDLs parameters and cell voltage at 2.0 A/cm2. 
Index of the 
TT-LGDLs 
Pore 
Shape 
Pore Size 
[µm] 
Hydraulic Diameter 
of the Pore [µm] 
Porosity 
Cell 
Voltage 
[V] 
C1 
Circular 
220 220 0.55 1.678 
C2 414 414 0.62 1.681 
C3 632 632 0.76 1.681 
T1 
Triangle 
176 117 0.26 1.672 
T2 644 430 0.59 1.672 
T3 882 588 0.76 1.663 
S1 
Square 
215 215 0.50 1.649 
S2 418 418 0.70 1.639 
S3 623 623 0.76 1.655 
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Figure 17. Microscope images of the TT-LGDLs with different pore shapes and 
parameters. 
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The samples were compared under similar parameters, such as pore size, hydraulic 
diameter, and porosity. From Figure 18(A), the TT-LGDLs with square pore shape and 
similar hydraulic diameter can get better performance than the one with triangle and 
circular pore shapes. It can be seen that the square TT-LGDLs has the largest porosity, 
which is a reason for the good performance. In order to eliminate the effects of porosity, 
Figure 18(B) shows the TT-LGDLs with the same porosity of 0.76 and similar hydraulic 
diameter of around 600 µm, and the square pore shape TT-LGDLs also achieve better 
performance than the other two samples. The performance of TT-LGDLs with similar pore 
sizes were shown in Figure 18(C) and (D), and the results had the same trend with (A) and 
(B): the performance of square TT-LGDLs is better than triangle TT-LGDLs, and the 
performance of triangle TT-LLGDL is better than circular TT-LGDLs. It should be noticed 
that the triangle TT-LGDLs has the better performance than circular TT-LGDLs, although 
the triangle TT-LGDLs has a much smaller porosity than circular TT-LGDLs, as shown in 
Figure 18(C) and (D). It can be concluded that the pore shape of the TT-LGDLs has some 
effects on the PEMEC performance: the square TT-LGDLs has the best performance, and 
the circular TT-LGDLs has the worst performance with a similar pore morphology.  
Table 6 shows the cell voltage of the PEMECs at 2.0 A/cm2 and 80 oC. It can be seen that 
the cell voltage of the square TT-LGDLs has the lowest range that is varied from 1.639 V 
to 1.655 V, the triangle TT-LGDLs has a higher range that is varied from 1.663 V to 1.672 
V, and the circular TT-LGDLs has the highest range that is varied from 1.678 V to 1.681 
V, which proves that the square pore shape can help to improve the PEMEC performance.  
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Figure 18. Performance of TT-LGDLs with different pore shapes. (A) Similar 
hydraulic diameter around 420 µm. (B) Same porosity of 0.76. (C) Similar pore size 
around 200 µm. (D) Similar pore size around 630 µm. 
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In addition, no matter what the pore shape is, the smaller pore size and larger porosity can 
enhance the PEMEC performance, which is accordance with our previous study [5]. The 
square TT-LGDLs with 418 µm pore size and 0.70 porosity has obtained an superior 
performance with a commercial CCM, compared with any public literatures, which is only 
1.639 V at 2.0 A/cm2 and 80 oC [2, 5, 20-22]. 
3.5 Conclusion 
In this study, a set of titanium-based TT-LGDLs with different pore morphologies was 
fabricated and in-situ tested in a PEMEC. The novel TT-LGDLs have a planar surface, 
straight-through pores, thin thickness (only 25 µm) and well-tunable pore morphologies, 
which contribute to smaller interfacial contact resistance, two-phase transport losses, and 
better PEMEC performance. The TT-LGDLs can achieve much better performance than 
conventional Ti felt LGDL, which is a very thick porous media made of Ti fibers and has 
a random pore morphology. The superior performance (1.639 V at 2.0 A/cm2 and 80 oC) 
has been achieved by a square TT-LGDLs with 418 µm pore size and 0.70 porosity. In 
addition, it has been found that the square is the best and the circular is the worst pore shape 
among the three different designs. The TT-LGDLs with square pore shape can achieve 
better PEMEC performance than triangle and circular TT-LGDLs with a similar pore 
morphology. In addition, the PEMEC performance can be further improved by TT-LGDLs 
with smaller pore size and larger porosity. Due to the thin features of the novel TT-LGDLs, 
not only the thickness/volume/weight of the PEMEC stack can be reduced greatly, but also 
the materials used for LGDLs can be decreased which helps to reduce the cost. The well-
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tunable pore morphologies are extremely valuable to advance numerical modeling of 
electrochemical reactions and associated multiphase flow as well. Since all the TT-LGDLs 
in this study have a better performance than the conventional LGDLs, such as titanium felt 
and woven mesh, they are expected to have many potential applications in energy and 
environmental engineering.  
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Appendix 
Nomenclature 
BP   = Bipolar plate 
CCM   = Catalyst coated membrane 
CD   = Current distributor 
CL   = Catalyst layer 
EIS   = Electrochemical impedance spectroscopy 
HFR   = High frequency resistance 
LGDL   = Liquid/gas diffusion layer 
PEM   = Proton exchange membrane 
PEMEC   = Proton exchange membrane electrolyzer cell 
PEMFC   = Proton exchange membrane fuel cell 
SEM   = Scanning electron microscopy 
TT-LGDL = Thin/tunable liquid/gas diffusion layer 
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CHAPTER IV 
THIN FILM SURFACE MODIFICATIONS OF THIN/TUNABLE 
LIQUID/GAS DIFFUSION LAYERS FOR HIGH-EFFICIENCY 
PROTON EXCHANGE MEMBRANE ELECTROLYZER CELLS 
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4.1 Abstract 
A proton exchange membrane electrolyzer cell (PEMEC) is one of the most promising 
devices for high-efficiency and low-cost energy storage and ultrahigh purity hydrogen 
production. As one of the critical components in PEMECs, the titanium thin/tunable LGDL 
(TT-LGDL) with its advantages of small thickness, planar surface, straight-through pores, 
and well-controlled pore morphologies, achieved superior multifunctional performance for 
hydrogen and oxygen production from water splitting even at low temperature. Different 
thin film surface treatments on the novel TT-LGDLs for enhancing the interfacial contacts 
and PEMEC performance were investigated both in-situ and ex-situ for the first time. 
Surface modified TT-LGDLs with about 180 nm thick Au thin film yielded performance 
improvement (voltage reduction), from 1.6849 V with untreated TT-LGDLs to only 1.6328 
V with treated TT-LGDLs at 2.0 A/cm2 and 80 °C. Furthermore, the hydrogen/oxygen 
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production rate was increased by about 28.2% at 1.60 V and 80 °C. The durability test 
demonstrated that the surface treated TT-LGDL has good stability as well. The gold 
electroplating surface treatment is a promising method for the PEMEC performance 
enhancement and titanium material protection even in harsh environment. 
4.2 Introduction 
Sustainable energy resources, including solar, wind, and tide, generate electricity 
intermittently, which leads to challenges in supplying continuous power to the electrical 
grid and a large amount of energy has been wasted due to this reason [1-8]. High-efficiency 
and robust electrochemical energy storage or conversion systems coupled with the 
sustainable energy resources would accommodate seasonal, daily or even hourly changes 
and it is promising for future smart grid [7-15]. Energy can be stored in the form of 
chemical, electrical, kinetic, potential or thermal devices and they can be used directly or 
indirectly via an energy conversion system. The ideal energy storage system should exhibit 
high performance and low cost to meet the certain requirements [16]. At present, battery is 
the most widely used method to store and mitigate the intermittent energy sources [17]. 
Hydrogen can also be an ideal energy carrier due to its high energy density and 
environment-friendly, which will not generate any greenhouse gases, like CO2,
 during its 
usage [18-24]. Currently, there are many ways to produce hydrogen, such as steam 
reforming of hydrocarbons or alcohols, water electrolysis, and etc. [20]. Water electrolysis 
is the foremost technology for producing high purity hydrogen with its advantages of the 
ability to rapidly follow an intermittent load for grid-balancing that is caused by differences 
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in supply and demand for energy generation and consumption [25]. Proton exchange 
membrane electrolyzer cells (PEMECs), which act as a reverse proton exchange membrane 
fuel cells (PEMFCs), have been regarded as a very promising method of hydrogen 
production for energy storage by water splitting [26-33]. PEMECs also yield very high 
purity hydrogen gas, which is beneficial for storage and future energy production by 
multiple methods [34-37]. 
A typical PEMEC mainly consists of a catalyst coated membrane (CCM), which is 
sandwiched between two electrodes (anode and cathode). At the anode side, water is split 
into molecular oxygen, protons, and electrons, which leads to a harsh operating 
environment for the PEMEC components, i.e. high potential and humidity [22, 38]. 
Therefore, the components of the anode electrode, such as LGDL and bipolar plate (BP), 
require very high corrosion resistance. Titanium (Ti) based LGDLs are widely used as 
anode LGDL due to their good bulk conductivity, high corrosion resistivity, and excellent 
mechanical strength. The conventional Ti based LGDLs, including Ti felt, Ti mesh, and 
sintered Ti powers, have been widely used and investigated in PEMECs [37-42]. However, 
resistance to corrosion in such systems is achieved by surface oxide formation, which can 
increase surface electrical resistivity and detrimentally impact cell performance [22]. 
Ito et al. carried out PEMEC experiments focusing on the porosity and pore diameter of 
titanium felt LGDLs. Their results showed that the electrolysis performance can be 
improved by decreasing the mean pore diameter (MPD) of the LGDL when the MPD was 
larger than 10 µm. And they also pointed out that the porosity had no significant effect on 
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the electrolysis performance if the porosity was greater than 0.5 [41]. In another study, the 
influence of porosity and pore diameter of LGDLs on PEMEC performance was also 
conducted. The results showed that the oxygen bubbles produced at the anode may block 
the LGDL when the MPD is less than 50 µm [42]. Hwang et al. tested titanium felt by 
loading titanium powder or polytetrafluoroethylene (PTFE) in the PEMECs. They 
investigated the effects of pore properties and PTFE content on the PEMEC performance 
[43]. Grigoriev et al. experimentally optimized various parameters of the sintered titanium 
powder LGDLs. They found that the optimum titanium sphere particle sizes were from 50 
to 75 µm, and the pore sizes were around 12 µm [44]. Ioroi et al. investigated the wettability 
of the titanium mesh by loading TiO2
 powder and PTFE. They concluded that the LGDL 
with hydrophilic property showed better performance than the hydrophobic one [45]. 
Millet et al. stated that the interfacial ohmic resistance between the LGDLs and BPs should 
be reduced in order to improve the performance of the PEMECs [46]. Oh et al. introduced 
a pore size gradient structure inside the LGDL in order to improve the performance of a 
PEMFC, concluding that the pore size gradient structure can enhance the steady-state and 
transient response [47]. Siracusano et al. used a novel short-side chain (SSC) 
perfluorosulfonic acid (PFSA) membrane to develop low catalyst loading membrane 
electrode assemblies (MEAs). They have achieved a high current density > 3.0 A/cm2 with 
an efficiency >80% and the low catalyst loading MEAs had a very good durability [25]. 
Mo et al. have studied the effect of parameters of Ti felt and Ti mesh LGDLs in a PEMEC, 
and they found that the thickness of LGDLs have a significant impact on the PEMEC 
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performance. They also conducted surface treatments such as thermal nitridation and 
sputter coating, which can improve the PEMEC performance significantly [48].  
Previous efforts have been focused on investigation of different kinds of titanium based 
LGDLs, and modification methods to improve their PEMEC performance. We recently 
reported a novel thin, planar titanium LGDL with straight-through pores and tunable pore 
morphologies that was fabricated using advanced micro/nano manufacturing techniques 
[49-51]. These novel thin/tunable LGDLs (TT-LGDLs) exhibited superior multifunctional 
performance with values of 1.66 V at 2.0 A/cm2 and 80 oC, which to our knowledge exceed 
the best values reported in the open literature [1, 52]. The TT-LGDLs remarkably reduce 
ohmic and activation losses with its advantages of planar surface and thin thickness, which 
is totally different from the conventional Ti felt or foam LGDLs. The planar surface of the 
TT-LGDLs have already contribute to smaller interfacial contact resistance in PEMECs 
when compared with conventional LGDLs [1, 52]. There are no public literatures that study 
the TT-LGDLs surface treatment effects so far. By further reducing the interfacial electrical 
surface resistance of the TT-LGDLs using surface treatment with the mature and low cost 
micro/nano technologies, it is anticipated that the performance can be further improved 
[27].  
In this study, different gold surface treatment methods were applied to TT-LGDLs in order 
to gauge the potential to improve the PEMEC performance for the first time. PEMEC 
performance was evaluated in-situ by polarization and EIS techniques, with 
microstructural characterization of the LGDLs pre/post testing performed by SEM and 
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EDS. Furthermore, the 100 hours test of the surface treated TT-LGDLs showed no obvious 
degradation. 
4.3 Experimental Details 
The circular pore shape TT-LGDLs with a pore diameter about 414 µm and porosity about 
62%, as shown in Figure 19, were fabricated by a combination of conventional contact 
photolithography and chemical wet etching. The detailed fabrication procedure can be 
found in our previous work [49, 52]. It can be seen that the novel TT- LGDLs have a planar 
surface and straight-through pores, which is completely different from conventional 
LGDLs, such as titanium felt [1]. The TT-LGDLs can significantly improve the PEMEC 
performance by reducing the mass transport, ohmic and activation losses. The SEM of the 
TT-LGDL surface characteristics is shown in Figure 19(B) and it can be seen that the 
surface of the untreated titanium TT-LGDL is very smooth, which contribute to the smaller 
ohmic resistances in PEMEC compared with conventional Ti felt LGDLs. 
The TT-LGDLs were used as a substrate for gold sputter deposition. Plasma modifications 
and sputter deposition augmentations were both completed using a BIO-RAD Polaron 
Division SEM Coating System E5150. A potential of 2.4 kV and a current of 20 mA was 
maintained to control the deposition for gold. The thickness of the coating was controlled 
by adjusting the operating time. The in-situ coated Ti foil was weighed before and after 
sputter deposition to determine coating thickness.  
Gold electroplating was conducted mainly with three steps: electro-cleaning, electro-
striking and electro-plating. First, the TT-LGDLs acted as cathode and was put into the 4% 
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Figure 19. SEM images of the untreated TT-LGDLs (A) Low magnification for 
untreated TT-LGDLs with a pore diameter about 414 µm and porosity about 0.62 (B) 
High magnification surface characterization.   
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solution of sodium hydroxide. A negative potential of 6 V was applied for 45 s at 60 oC. It 
was used to clean the sample surface and provided hydrophilic surface properties. Second, 
the TT-LGDLs were immersed in 24K (also called pure gold or 100 percent gold) acid gold 
strike solution at room temperature, and a negative voltage of 7 V was applied for 25 s. 
Third, the TT-LGDLs were moved to the 24K bright gold plating solution at 38 oC and the 
time for electro-plating was controlled based on the desired gold thickness. It should be 
noted that the TT-LGDLs were thoroughly rinsed in DI water after each step.  
Commercial CCM made from Nafion 115 (Electrolyzer CCM from FuelCellsEtc, EZ-
CCM) with 3.0 mg/cm2 IrRuOx at anode and 3.0 mg/cm
2 PtB at cathode was employed, 
and the working area of the CCM is 5 cm2. The CCM was sandwiched by anode and 
cathode electrodes, and the whole cell was compressed by eight evenly distributed bolts 
which are tightened to 4.52 N m of torque. A fresh carbon paper (Toray 090 from 
FuelCellStore) with a 280 µm thickness and 78% porosity was used as a cathode LGDL 
for each test. Graphite plates with a parallel flow channel on it were used as both the anode 
and cathode bipolar plate. The PEMEC was connected to the control system (Potentiostat 
VSP/VMP3B-100 from Bio-Logic) with a current range up to 100 A and voltage range up 
to 5 V. In addition, a diaphragm liquid pump (KNF Neuberger) was used to supply 
deionized (DI) water at a constant volumetric flow rate of 20 ml/min to the anode. Water 
was pre-heated to the desired temperature in a water bath (WB10 from PolyScience) before 
being pumped into the PEMEC. Two heaters coupled with two thermocouples connected 
to a temperature control system (Multi-Zone controller from OMEGA), were inserted into 
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the anode and cathode to measure and control the cell temperature. 
Each of the TT-LGDL is tested in a regular PEMEC. After the PEMEC is assembled, it is 
connected to the testing system and heated to 80 oC. Then the cell is tested at 80 oC with 
polarization curve and EIS, which is used to condition the cell. After the conditioning, the 
cell is cooled down to room temperature and then tested at 23 oC, 50 oC and 80 oC in 
sequence. After all these tests, the PEMECs are disassembled and the surface of the CCM 
anode are examined ex situ by SEM and EDS. 
4.4 Results and Discussions 
4.4.1 Effects of the different gold surface treatment methods 
Figure 20(A) shows the SEM image of the Au sputter coated TT-LGDLs. The thickness of 
the Au layer is about 180 nm. It can be seen that the gold is uniformly distributed on the 
surface, but there are some cracks formed throughout the surface. Figure 20(B) and (C) 
show the SEM images for the thin LGDLs with different Au thicknesses (about 180 nm 
and 820 nm, respectively). It can be found that the gold is distributed uniformly around the 
surface and there are no cracks observed.  
Figure 21 shows the EDS results of the untreated and surface treated TT-LGDLs. It can be 
seen that only titanium is examined with the untreated LGDL. Figure 21(B) and (C) show 
the EDS results of sputter coated TT-LGDL and electroplated TT-LGDL with the similar 
Au coating thickness of about 180 nm. The higher peak of Ti in Figure 21(B) is attributed 
to the cracks formed on the surface of Au thin film, while the Au distributed uniformly 
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throughout the surface with electroplated LGDLs, the Ti peak is very small in Figure 21(C) 
and (D). 
 
 
Figure 20. SEM images of the tested TT-LGDLs (A) 180 nm sputter coated thin film 
gold (B) 180 nm electroplated thin film gold (C) 820 nm electroplated thin film gold. 
 
 
The performance of PEMECs using both the untreated and gold surface treated TT-LGDLs 
were evaluated. The polarization curves shown in Figure 22(A) exhibit the performance of 
the PEMECs. The PEMECs with the untreated TT-LGDLs achieve a voltage of 1.6849 V 
at 2.0 A/cm2 and 80 oC, which is consistent with our previous work with this LGDL design 
[1, 52]. The performance of the PEMECs was improved to 1.6492 V with sputter coating 
180 nm Au thin film on TT-LGDLs, and it can be further improved to 1.6328 V and 1.6382 
V with the 180 nm and 820 nm Au electroplated TT-LGDLs, respectively, which exceeds 
values reported in the open literature [36, 37, 52-56]. It can be found that the different 
thickness of the electroplated Au layer had very limited effects on the performance of the 
PEMECs. 
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Figure 21. EDS results of the tested TT-LGDLs (A) Untreated titanium TT-LGDLs 
(B) 180 nm sputter coated TT-LGDL (C) 180 nm electroplated TT-LGDL (D) 820 nm 
electroplated TT-LGDL.  
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The hydrogen production rate and efficiency were also significantly improved with the 
gold surface treated TT-LGDLs. The hydrogen/oxygen production rate is directly related 
to the current density and working area of the PEMECs, which is shown in Equation 6 
below.  
𝒏𝑯𝟐 =
𝒊𝑨
𝒛𝑭
                                               Equation 6 
Where 𝑛𝐻2 is the molar generation rate of hydrogen and the unit is mole/s, 𝑖 is the current 
density, 𝐴 is the active area of the membrane electrode assembly (MEA), 𝑧 is equivalent 
electrons per mole of hydrogen which equals to 2 in this equation, 𝐹  is the Faraday’s 
constant which is 96,485 C/eq. 
When the working area is a constant (5 cm2 in this study), a larger current density indicates 
higher hydrogen/oxygen production rates according to the Faraday’s law [29, 57]. From 
Figure 22(A), it can be seen that the current density of the untreated TT-LGDL, 180 nm 
sputter coated TT-LGDL, 180 nm and 820 nm Au electroplated TT-LGDLs is 1.317, 1.489, 
1.688 and 1.610 A/cm2 at a fixed cell voltage of 1.60 V. With only a 180 nm Au thin film 
on TT-LGDLs, the hydrogen/oxygen production rate was significantly increased by about 
28.2% compared with the untreated titanium TT-LGDLs. Although the price of the Au is 
high, the 180 nm thickness or even thinner Au thin film on TT-LGDLs will be very cheap 
due to the minimal amount of Au required and mature manufacturing methods. The 
estimated cost of the Au electroplating is about $0.014/cm2 for the TT-LGDLs, and it only 
costs about $0.07 to treat 5 cm2 TT-LGDLs in this study with 180 nm Au thin film. 
110 
 
 
Figure 22. Polarization curve and EIS comparison between untreated and surface 
treated TT-LGDLs (A) Polarization curve (B) EIS results at 1.6 A/cm2.  
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In addition, increasing the single cell hydrogen producing rate by 28.2% could reduce the 
numbers of single PEMEC when a constant volume of hydrogen are needed. It has been 
reported that the high cost of the PEMEC stacks are mainly caused by Nafion membrane, 
noble metal catalysts, bipolar plates, which contribute to more than 60% of the PEMEC 
stack costs [25, 37]. By reducing the number of PEMECs the quantity of bipolar plate, 
Nafion membrane, and metal catalyst will also be decreased, which will eventually reduce 
the cost of the PEMEC stack greatly as a whole. 
Figure 22(B) shows the electrochemical impedance spectroscopy (EIS) results, which are 
conducted under 1.6 A/cm2 at 80 oC. The left-most x-intercept of the EIS curves show the 
ohmic loss of the whole PEMEC, while the right-most x-intercepts indicate the total losses, 
including the ohmic loss, activation loss, and transport loss [58]. The EIS curves of the 
PEMECs often consist of two semicircles, the x-distance of the first one represents the 
activation loss; the x-distance of the second one represents the mass transport loss [52]. It 
can be seen that the second semicircles are very small at 1.6 A/cm2, which indicates that 
the mass transport loss has limited effects on the PEMEC performance. It can be concluded 
that the TT-LGDLs promote the two-phase counter flow inside the PEMECs due to the 
small thickness, straight-through pores, and easy flow path. The ohmic loss of the untreated 
TT-LGDL is about 0.0925 Ω·cm2, while it is reduced to only 0.0700, 0.0725 and 0.0750 
Ω·cm2 for the 180 nm sputter coated, 180 nm and 820 nm electroplated TT-LGDLs, 
respectively. Although the sputter coated TT-LGDL achieves smaller ohmic resistance 
than the electroplated TT-LGDLs, which also corresponds to the polarization curves. The 
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performance doesn’t get improved because of the higher activation overpotential at low 
current density range. This can be seen in Figure 22(A), where the polarization curve is 
higher at low current density. Thus, the electroplating is an optimal choice for surface 
treatment of TT-LGDLs. 
4.4.2 Effects of temperature 
The open circuit voltage (OCV), ohmic resistance of the cell, activation and transport 
effects have a very close relationship with temperature [59]. The untreated TT-LGDLs 
temperature effects have been investigated in previous work [52]. The surface treated TT-
LGDLs are experimentally investigated and the results are shown in Figure 23. 
It can be seen from Figure 23(A) that the performance of the PEMECs is gradually 
improved with increasing temperatures. The cell voltages of the PEMECs with Au sputter 
coated TT-LGDLs are1.947 V, 1.770 V and 1.649 V at 23 oC, 50 oC and 80 oC, respectively. 
While the voltages of the PEMECs with electroplating Au TT-LGDLs are 1.900 V, 1.753 
V and 1.6328 V at 23 oC, 50 oC and 80 oC, respectively. The performance of the TT-LGDLs 
with electroplated Au is better than sputter coating at different temperatures. 
The performance of the PEMECs is closely related to the ohmic loss, activation loss, mass 
transport loss, and open circuit voltage [19]. It can be seen in Figure 23(B) that the ohmic 
loss decreases significantly with the increase of PEMEC operating temperature. The ohmic 
loss of the PEMECs consists of the resistance of each component, including PEM, CLs, 
LGDLs, bipolar plate, etc., as well as the interfacial resistances between each component. 
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Figure 23. Polarization curve and EIS results with surface treated TT-LGDLs under 
different temperatures (A) Polarization curve (B) EIS results at 1.6 A/cm2.  
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The main ohmic loss comes from the resistance of the PEM and interface between each 
components [27]. With the increase in temperature, the conductivity of the PEM and CL 
will increase gradually, which will decrease the ohmic loss [59]. The electrical resistivity 
of titanium material doesn’t change too much when the temperature varies between 23 to 
80 oC, so the resistance of the LGDL will not vary, which will not affect the ohmic loss 
[60]. In addition, the contact between each component will become better at higher 
temperature, which will also reduce the ohmic loss of the PEMECs. It is known that the 
main polarization happens at the anode of PEMECs. This is due to the poor oxygen 
evolution reaction (OER) kinetics and limitations of proton transport in the catalyst layer. 
The performance can be improved with the higher temperature, which results from the 
better diffusion processes and electrode kinetics. The increase in temperature will 
obviously increase the exchange current density because of the intrinsic enhancement of 
the catalytic activity[53]. That is why the voltage of the polarization curve in Figure 23(A) 
becomes lower with increasing temperatures. In contrast, the second arc of the EIS in 
Figure 23 is becoming smaller with increasing temperature. This proves that the transport 
losses have been reduced as temperatures increase. As a result, the PEMEC performance 
improves significantly with increasing temperature due to the better diffusion processes, 
electrode kinetics and greatly reduced ohmic losses. 
4.4.3 Short-term aging assessment of the surface treated TT-LGDLs 
After the tests of each samples, the surface of the CCM was examined under SEM and 
EDS, as shown in Figure 24, including the fresh CCM without any tests. It can be found 
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that the fresh CCM has a flat surface and shows a uniformly distributed dark color as shown 
in Figure 24(A1). After the test with untreated titanium TT-LGDLs, the shape of the 
channel and LGDL is indented on the CCM, which is shown in Figure 24(B1). After the 
tests with the sputter coated TT-LGDLs, Au is clearly observed on the CCM surface, as 
shown in Figure 24(C1), which means the Au is partially peeled off from the TT-LGDL 
and adheres to the CCM after the tests and disassembly of the PEMECs. In Figure 24(C2), 
it can be found that there is a piece of material located on the surface of the catalyst and 
the catalyst has been indented with some deformation after the test with the sputter coated 
thin LGDL. The EDS mapping results (Not shown here) confirmed that the piece of the 
material is gold. While the CCM, examined after testing with the 180 nm Au electroplated 
LGDL, shows no peeled off Au. The surface of the CCM is also examined ex situ by EDS. 
It can be seen that the elements distributed uniformly after tests with both untreated thin 
LGDL and electroplated thin LGDL, as shown in Figure 24(B) and (D). The atomic 
percentage of elements, including Ir, Ru, F, O and C, are very close to one another. It can 
be concluded that the Au electroplated TT-LGDLs can not only achieve better 
performance, but also it is much more stable than the sputter coated Au layer. 
Since the performance of the 180 nm Au electroplated TT-LGDL achieves better 
performance than the untreated and Au sputter coated TT-LGDLs, and the Au layer is 
stable during all the periods of the tests. The short-term stability test of the Au electroplated 
TT-LGDL was examined in-situ for 100 hours under the operation conditions of 0.2 A/cm2 
and 80 oC, and the result were shown in Figure 25. 
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Figure 24. Surface characterizations (EDS, photographs and zoom-in SEMs) of the 
CCM (A) EDS results of fresh CCM with photograph (A1) and SEM (A2), (B) EDS 
results of CCM after test with untreated TT-LGDL with photograph (B1) and SEM 
(B2), (C) EDS results of CCM after test with sputter coated TT-LGDL with 
photograph (C1) and SEM (C2), (D) EDS results of CCM after test with electroplated 
TT-LGDL with photograph (D1) and SEM (D2). 
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Figure 25. 100 hours water electrolysis test of the TT-LGDL with electroplating 180 
nm Au at 80 oC, 1 atm and 0.2 A/cm2. 
 
The cell voltage was recorded every 2 seconds during the test. It can be found that the cell 
voltage of the PEMECs with electroplated TT-LGDL was very stable and remains at ~1.45 
V without any obvious cell voltage decay during the 100 hours test. This suggests that good 
short-term stability of the Au electroplated TT-LGDLs can be expected. The modest 
deterioration of the performance from 1.43 V to 1.47 V is likely due to the degradation of 
membrane electrode assembly (MEA) during the test [53, 61]. It can be concluded that the 
Au electroplated LGDLs have a good short-term stability and can be used as a promising 
method to enhance the PEMEC performance, due to its mature technology and ease to large 
scale manufacturing with low cost. 
4.5 Conclusion 
In this study, the novel TT-LGDLs with different gold surface treatments were investigated 
for the first time. The novel TT-LGDLs with 414 µm pore diameter and 0.62 porosity have 
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achieved a superior performance compared with conventional titanium LGDLs. The 
performance of the PEMECs was further improved by both Au sputter coating and 
electroplating surface treatments. The results show that, with electroplating a 180 nm Au 
thin film on the titanium-based TT-LGDLs, the PEMEC voltage can be decreased from 
1.6849 V to 1.6328 V at 2.0 A/cm2 and 80 oC. More importantly, the hydrogen/oxygen 
production rate can be greatly increased by 28.2% at 1.60 V and 80 oC compared with 
untreated TT-LGDL. The significantly improvement of hydrogen/oxygen production rate 
can help to reduce the cost of the catalyst layers, bipolar plates, membrane and PEMEC 
stack system as a whole, when a constant amount of hydrogen/oxygen are needed. In 
addition, the PEMEC performance was improved significantly with increasing temperature 
due to better diffusion processes, smaller OCV, lower electrode kinetics and greatly 
reduced ohmic losses. Furthermore, the CCM surface characterization after the tests 
demonstrate that the electroplated Au thin film is much more stable than sputter coated thin 
film that will peel off from the TT-LGDLs. It can be concluded that an ultra-thin Au layer 
that is electroplated on the TT-LGDLs will significantly improve the performance and 
efficiency of the PEMECs. The superior performance achieved by the TT-LGDLs with 
surface treatment make it a promising component in the PEMECs, which provide a route 
to improved efficiency of hydrogen/oxygen production from water splitting and help to 
industrialize PEMECs. The results obtained have also demonstrated the advantages of the 
gold electroplating as simple and reliable method for surface treatment of TT-LGDLs with 
cost effective for PEMEC application.  
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CHAPTER V 
DEVELOPING TITANIUM MICRO/NANO POROUS LAYERS ON 
PLANAR THIN/TUNABLE LIQUID/GAS DIFFUSION LAYERS FOR 
HIGH-EFFICIENCY HYDROGEN PRODUCTION 
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5.1 Graphical Abstract 
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5.2 Abstract 
Microporous layers (MPLs) have seen limited investigations in electrolysis and it can offer 
the potential to improve cell performance by allowing better reactant access and product 
removal to and from the catalyst layer. For exploring better proton exchange membrane 
electrolyzer cell (PEMEC) performance and catalyst utilization, MPLs, which have been 
widely used in fuel cells, are applied on novel thin/tunable liquid/gas diffusion layers (TT-
LGDLs) in PEMECs. In this study, the MPLs are developed with both irregular micro (~5 
μm) and sphere nano (30 – 50 nm) titanium particles by low temperature spraying method. 
The MPLs are investigated comprehensively both in-situ and ex-situ. The MPLs change 
the wettability of the TT-LGDLs and show super hydrophobic property. The results reveal 
that micro particle MPLs exhibit improved catalytic activity but increased ohmic 
resistances, and that nano particle MPLs do not impact catalytic activity meaningfully but 
exhibit even greater increases in ohmic resistance. The effects of the thickness of the MPLs 
are also investigated and the typical MPL is also studied by in-situ visualization in a 
transparent PEMEC with a high-speed and micro-scale visualization system (HMVS). It 
has been concluded that the MPLs offer some improved performance under specific 
conditions but may not be required for optimum TT-LGDLs in PEMECs. The results also 
indicate the strong feasibility of the TT-LGDLs with small pore size and large porosity for 
high efficiency and low cost PEMEC practical applications. 
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5.3 Introduction 
Hydrogen is regarded as an ideal energy carrier, due to its high energy density and zero 
emission, either greenhouse gas or criteria pollutant during its usage [1-5]. The proton 
exchange membrane electrolyzer cell (PEMEC), which works in reverse of proton 
exchange membrane fuel cells (PEMFCs), is considered one of the most promising 
methods to store the sustainably-produced energy, especially for the electricity generated 
from intermittent energy sources, such as solar, wind, tide, or hydro [6-11]. PEMECs can 
mitigate the impact of electricity fluctuations from the intermittent sources and consumers’ 
needs, and alleviate the energy waste within the current grid by storing the excess 
electricity during low demand and release the energy during high demand period. More 
importantly, it can be used to generate very high purity hydrogen/oxygen gas in an 
environmentally friendly way with high efficiency, which is beneficial for future storage 
and applications [12-15]. 
PEMECs mainly consist of a catalyst coated membrane (CCM) that is sandwiched by two 
electrodes. At each electrode, there is a catalyst layer (CL), liquid/gas diffusion layer 
(LGDL), bipolar plate (BP) with flow channels, and current distributor [7, 16]. The heart 
of the PEMECs is the membrane electrode assembly (MEA), which has a great impact on 
PEMEC performance. The LGDLs, which located between the CLs and BP, control the 
flow of reactants and products to and from the catalyst layer, and have to meet certain 
requirements, such as high corrosion resistance, good electrical conductivity, and small 
mass transport losses [17, 18]. Due to the high potential seen at the anode (~2V), the most 
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widely used LGDLs are titanium (Ti) based materials, such as Ti felt, Ti mesh, or sintered 
Ti particles [17, 19-21]. These LGDLs share similar properties, including random pore size 
and pore shape, large thickness, complex water/gas transport path, uneven surface, etc., 
which lead to large ohmic resistances, poor interfacial contact, large two-phase transport 
losses, all of which ultimately limit PEMEC performance. Much attention has been paid to 
reduce the interfacial contact resistance between the CLs and LGDLs, and different 
methods have been proposed and studied in both PEMFCs and PEMECs [22-24]. It is well 
known that introducing a micro-porous layer (MPL) between the nano-structured CLs and 
macro-structured gas diffusion layers (GDLs) at the cathode of PEMFCs can greatly 
improve its performance, durability, and stability. The MPL serves to decrease the 
interfacial contact resistance, protect the membrane from being punctured by GDL fibers, 
and promote water/gas transport [25].  
Jin Hyun Nam et al. have proposed two effects of MPLs in water management in PEMFCs. 
They found that the MPLs can reduce the size and saturation level of the interfacial water 
droplets on CL surface, and reduce the number of water breakthroughs toward GDL in 
PEMFCs [24]. Guiyin Chen et al. developed MPLs in PEMFCs to examine its effects and 
mechanisms of water management under a wide range of operating conditions. They found 
that the effects and mechanisms of MPLs were closely related to  humidity and temperature 
[25]. Su et al., on the contrary, eliminated the MPLs from the GDL in PEMFCs to achieve 
high performance under high temperature [22]. While very little has been reported on the 
role of MPLs in PEMECs. P. Lettenmeier et al. developed a MPL for PEMECs by 
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thermally spraying Ti particles on sintered Ti filters. They found that the MPL has a 
moderate impact on the PEMEC performance when the current density below 1.2 A/cm2, 
while the MPL can greatly improve the performance under high current density ranges by 
reducing the interfacial contact resistance and mass transport limitations [23]. J. Polonsky 
et al. developed an MPL on Ti felt with antimony-doped tin oxide (ATO) mixed with 
Nafion solution, and improved performance was achieved in the voltage range dominated 
by charge transfer kinetics. They also concluded that a more conductive MPL could greatly 
enhance the PEMEC performance [26].  
Recently, we reported a kind of novel thin/tunable LGDLs (TT-LGDLs), which has a 
thickness of only 25 µm, well controlled pore morphologies (including pore shape, pore 
size, and porosity), and planar surface with straight-through pores, as shown in Figure 
26(A) [27, 28]. These TT-LGDLs can achieve superior PEMEC performance compared to 
the current state-of-the-art, and the cell voltage can be as low as 1.63 V at 2.0 A/cm2 and 
80 oC with a commercial Nafion 115 CCM (3.0 mg/cm2 IrRuOx at anode and 3.0 mg/cm2 
Pt black at cathode and 5 cm2 active area) [28, 29]. Based on our previous discoveries, the 
oxygen evolution reaction (OER) sites can be identified by the formation of oxygen bubble 
nucleation sites, which were found to occur at the rim of the TT-LGDL pores due to the 
large in-plane electrical resistance of the CL and the difficult two-phase transport under the 
TT-LGDL land area [27, 30]. Therefore, it seems that large amounts of catalyst located in 
the middle of the pore area and under the TT-LGDL land area is inactive or underutilized 
to some extent. By introducing the MPLs between the CLs and TT-LGDLs, as shown in 
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Figure 26(B), it is anticipated that more OER sites will be accessible and the PEMEC 
performance can be improved compared with TT-LGDLs without a MPL, as shown in 
Figure 26(A). The intent of applying a MPL provides an easy electrical conducting path 
with smaller resistance compared with the in-plane through CLs from the middle of the 
pore area to the TT-LGDLs, and it can offer the possibility of the water transport and 
oxygen removal between the under the TT-LGDL land area and the flow field. As can be 
seen in Figure 26, it is expected that more oxygen bubbles, which indicate the presence of 
active OER sites in both the middle of the pore area and the under land area, will appear, 
which represents that the improved catalyst utilization when the MPLs are added, resulting 
in improved PEMEC performance. 
 
 
Figure 26. MEA schematic with TT-LGDLs. (A) Conventional MEAs; (B) MEAs with 
MPLs. 
 
 
The effects of the MPLs on TT-LGDLs were comprehensively investigated in this study. 
MPLs were obtained by spraying both micro and nano Ti particles on TT-LGDLs. The 
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micro and nano MPLs with different thicknesses were characterized both in-situ and ex-
situ. The thickness of the MPLs and the particle morphology of MPLs were examined 
under SEM. The wettability of the MPLs were also tested. The fresh TT-LGDL samples 
and TT-LGDL with different MPLs were characterized in a regular PEMEC, and both the 
polarization curve and electrochemical impedance spectroscopy (EIS) were obtained. In 
addition, the typical MPL on TT-LGDLs was in-situ visualized to further reveal its effects 
on the OER phenomenon, which were observed in a transparent PEMEC and captured by 
using the high-speed and micro-scale visualization system (HMVS). The results 
demonstrate that the MPLs offer some improved performance under specific conditions 
but may not be required for optimum TT-LGDLs in PEMECs, and also this study provides 
a direction of ideal TT-LGDL development for hydrogen/oxygen production in low 
temperature and high efficiency PEMECs. 
5.4 Experimental Details 
The MPLs were fabricated by a low temperature air spraying method. Before spraying the 
MPLs on TT-LGDLs, the MPL suspension was prepared from Ti particles, including the 
99% 5 µm micro-particles or 99.9% 30-50 nm nano-particles (from US Research 
Nanomaterials, Inc.), Nafion (D1021 from Fuel Cell Store), and some certain solvents. 
First, 5.0 g Ti particles were weighted and stored in a glass bottle. Second, 5.0 g D1021 
Nafion dispersion and 20.0 g isopropyl alcohol (IPA) were added into the bottle. The 
Nafion acted as the binder of the Ti particles in MPLs, and it can also aid water transport 
through the MPLs, which is intended to form a hydrophilic property of the MPLs [26]. 
136 
 
Then, the mixture was ultrasonic blended for 15 mins. Third, 20.0 g ethylene glycol was 
added into the mixture and followed by another 1 hour of ultra-sonication to prepare the 
MPL suspension. Before spraying, all the samples were ultrasonic cleaned with acetone, 
methanol and ethanol in sequence for 15 mins, respectively, and lastly rinsed in DI water 
for 15 mins. All samples were dried in the air at room temperature for 24 hours before 
spraying. Two TT-LGDLs, as shown in Figure 27, were used as the substrate for MPLs. 
The TT-LGDLs had the same porosity of about 30%, and one of them had a large pore 
diameter about 800 µm and the other had a small pore diameter about 100 µm. The detailed 
fabrication process of the novel TT-LGDLs can be found in our previous research [31, 32]. 
The EDS analysis of the TT-LGDLs showed that it is pure Ti with the Al peak from the 
background stub. For the spraying tool, the medium head airbrush 150-1 (from WYN-
WYN, Inc.) was used. The airbrush was connected to an air compressor with a pressure of 
200 kPa and the flow rate was controlled manually by the valve on the airbrush. The dried 
fresh TT-LGDLs were mounted on a silicon wafer and then the wafer was fixed with an 
angle of ~60o to the horizontal in a large fume hood before spraying. A constant volume of 
1.5 ml MPL ink was added to the container of the airbrush and then sprayed on the surface 
of the TT-LGDLs. Then, the silicon wafer with sample on it, was moved to a hot stage with 
a temperature of 90 oC for 5 mins to evaporate the solvents (including IPA, alcohol and 
ethylene glycol). The thickness of the MPLs was controlled by the number of spray times, 
and three MPLs with different thickness were prepared with both micro and nano Ti 
particles. The detailed information on MPL samples are shown in Table 7. 
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Table 7. Detail parameters of TT-LGDLs and MPLs. 
Sample TT-LGDLs Ti Particles 
Particle 
Shape 
MPL Thickness 
(µm) 
A 
~800 µm pore diameter; 
~30% porosity 
Null Null 0 
A1 A 
5 µm 
microparticles 
Irregular ~15 
A2 A 
5 µm 
microparticles 
Irregular ~20 
A3 A 
5 µm 
microparticles 
Irregular ~40 
A4 A 
30-50 nm 
nanoparticles 
Sphere ~5 
A5 A 
30-50 nm 
nanoparticles 
Sphere ~8 
A6 A 
30-50 nm 
nanoparticles 
Sphere ~12 
B 
~100 µm pore diameter; 
~30% porosity 
Null Null 0 
B1 B 
5 µm 
microparticles 
Irregular ~20 
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Figure 27. SEM images of TT-LGDLs. (A) Fresh A sample with a pore diameter of 
about 800 µm and a porosity of about 30%; (B) Fresh B sample with a pore diameter 
of about 100 µm and a porosity of about 30%; (C) EDS results of the TT-LGDLs. 
 
For measuring the wettability of the samples, the sessile drop method was used to obtain 
the contact angle from an optical contact angle measuring device (Krüss Drop Shape 
Analyzer - DSA25E). All the samples were placed on the surface of the plastic substrate. 
During the measurements, a 2 µL droplet of deionized (DI) water was dropped from the tip 
of a microliter syringe to the surface of the samples which including titanium foil, typical 
TT-LGDLs, and TT-LGDLs with different MPLs. After a period of 5 seconds had elapsed, 
the image was collected and the contact angle between the drop and the sample was 
measured in the image by the software. Three measurements at different spots were 
obtained for each sample and the mean values were obtained accordingly. For the ex-situ 
characterizations, scanning electron microscopy (SEM) was conducted with a field 
emission SEM (JEOL JSM-6320F) and the energy-dispersive X-ray spectroscopy (EDS) 
was performed with an EDAX Octane plus Silicon Drift Detector in tandem, which is 
equipped with EDAX's TEAM EDS analyzing software. 
For the in-situ tests, the Nafion 115 CCM (from FuelCellsEtc, EZ-CCM) with 3.0 mg/cm2 
IrRuOx at anode and 3.0 mg/cm2 PtB at cathode was used. The regular PEMEC was 
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compressed to 4.52 N·m of torque by eight bolts at the two aluminum end plates. The 
carbon paper Toray 090 (from Fuel Cell Store) with a 280 μm thickness and 78% porosity 
was employed as cathode LGDL. The graphite bipolar plates with parallel flow channels 
were used at both anode and cathode. For the flow control, a pump (from KNF Neuberger) 
was employed to provide DI water at a flow rate of 20 ml/min to the anode. Water was 
heated in a water bath (WB10 from PolyScience) before entering the PEMEC. The exits of 
both anode and cathode were safely exhausted at air pressure. The temperature was 
controlled by a Multi-Zone controller (from OMEGA) coupled with heaters at both anode 
and cathode. For the testing equipment, the PEMEC was connected to the potentiostat with 
a booster VSP/VMP3B-100 (from Bio-Logic). The polarization curve and galvanostatic 
electrochemical impedance spectroscopy (GEIS) were measured during the tests for each 
sample. The sample B and B1 were chosen for in-situ visualization tests in a transparent 
PEMEC, and the detailed cell structure and set up can be found in our previous studies [33, 
34]. For the test in the transparent PEMECs, the current density was maintained at a 
constant value and the cell voltage was recorded throughout the experiment. The 
visualization of the OER in PEMEC was captured under constant current density for each 
sample. 
5.5 Results and Discussion 
5.5.1 Ex-situ investigation of the MPLs 
Both the cross-section and top view of the MPLs on TT-LGDLs were examined under 
SEM, and the results were shown in Figure 28 and Figure 29, respectively. Before doing 
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the SEM for the cross-section, the TT-LGDLs with MPLs were cut by a knife. Due to the 
good mechanical strength of Ti materials, the cross-section of the cutting area has been 
damaged and it is hard to observe the thickness of the MPLs. Therefore, all the cross-
sections of TT-LGDLs with MPLs were examined in the pore area, which were not directly 
cut by the knife and reserve the original morphology. From Figure 28, it can be seen that 
the MPLs were mainly spread on the top surface of the TT-LGDLs. Very few micro 
particles adhered to the wall of the TT-LGDL pores, while a large amount of nano particles 
were located on the wall of the pores, especially when the MPL thickness is large as can 
be seen from Figure 28(E) and (F).  
 
 
Figure 28. Cross-section SEM images of MPLs. (A) Sample A1; (B) Samples A2; (C) 
Sample A3; (D) Sample A4; (E) Sample A5; (F) Sample A6. 
 
The thickness of the MPLs are shown in Table 7. It can be seen that the thickness of the 
micro particle MPLs is in the range of 15-40 µm, while the nano particle MPLs is about 5-
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12 µm. One should note that the surface roughness of the MPLs is much worse than fresh 
TT-LGDL surface, which is different from MPLs on conventional LGDLs (such as Ti felt). 
Since Ti felt is made of Ti fibers and its surface is very rough, which has a poor interfacial 
contact, hence, a MPL spread on its surface could obviously enhance the contact with CLs. 
But for the MPLs on TT-LGDLs, this effect was not observed, since the fresh TT-LGDLs 
already exhibit a planar surface, and the Ti particles will damage this property, which may 
cause negative impact on PEMEC performance eventually. 
Figure 29 shows the top view of the different MPLs on TT-LGDLs. It can be seen that the 
micro Ti particle exhibits a totally different morphology compared to the nano Ti particles. 
The nano Ti particle has a sphere shape, and the particle size is mainly in the range of 30-
50 nm. But for the micro particles, the shape is irregular, and some of the particles can have 
a size larger than 20 µm. For the sample A1 and A4, it can be found that the MPLs cannot 
even cover all the TT-LGDLs, and the TT-LGDL surface can be observed through some 
areas of the MPLs. When increasing the thickness of the MPLs, both of the micro and nano 
particle MPLs can spread all over the TT-LGDL surface, which can be found for sample 
A2, A3, A5 and A6. It should be noted that when increasing the thickness of nano particle 
MPLs to 12 µm (Sample A6 as shown in Figure 29(G)), the surface will become much 
flatter than thinner MPLs, and the MPL exhibits a dense structure. From the EDS mapping 
results of both micro and nano Ti particle MPLs, it can be seen that the elements distributed 
more uniformly throughout the surface of the nano particle MPLs than the micro particle 
MPLs. For the micro particle MPLs, the micro pores were formed throughout the MPLs, 
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while the pores of the nano particle MPLs are much smaller. The C, S, F and O mainly 
come from the Nafion ionomer that acts as the particle binder in the MPLs. 
 
 
Figure 29. Typical SEM images of different MPL samples (A) Sample A1; (B) Sample 
A2; (C) Sample A3; (D) EDS mapping of micro particle MPLs; (E) SampleA4; (F) 
Sample A5; (G) Sample A6 with zoom-in Ti nano particles; (H) EDS mapping of nano 
particle MPLs. 
 
Figure 30 shows the typical contact angle on different surface features, including titanium 
thin foil (no pores), sample A (TT-LGDLs with 800 µm pore diameter and 30% porosity), 
samples B (TT-LGDLs with 100 µm pore diameter and 30% porosity), sample A2 (sample 
A with micro-particle MPL), sample A5 (sample A with nano-particle MPL) and B1 
(sample B with micro-particle MPL). Their contact angles are ~ 45o, ~ 64o, ~ 81o, ~ 145o, 
~ 162o, and ~ 150o, respectively. The pores and MPLs have some effects on water contact 
angle of the dry LGDL samples. From the Figure 30(D), (E) and (F), the MPLs showed 
super hydrophobic wettability, which is not an ideal property of the MPLs in PEMECs 
since it may increase the water/gas transport resistance. Although the pores and MPLs 
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changed the wettability of Ti material, the fresh TT-LGDLs are still hydrophilic. It should 
be noticed that the LGDLs in the PEMECs are immersed in DI water which indicates that 
the samples are all wet during the operation. Therefore, we also measured our samples 
when a droplet was dropped on the LGDLs and the MPLs samples that are placed on the 
top of titanium foil substrate in wet conditions. As a comparison, a droplet on titanium foil 
is also captured during the same period. It has been found that the droplet on TT-LGDLs 
permeate to the bottom and the contact angle decreases gradually, while the droplet on the 
titanium foil nearly is unchanged besides the slight evaporation. The permeation rate of the 
droplet on different samples are different, but all the droplets permeate to the bottom and 
there is no more water exist on top surface of the MPLs at the end. 
 
 
Figure 30. Contact angles of liquid water on different samples (A) Fresh Ti thin foil 
about 45o; (B) Fresh A about 64o; (C) Fresh B about 81o; (D) A2 about 145o; (E) A5 
about 162o; (F) B1 about 150o. 
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5.5.2 Effects of the different MPLs 
All the samples were in-situ characterized in a regular PEMEC and the results were shown 
in Figure 31. For the performance of PEMEC with micro particle MPLs, as shown in Figure 
31(A), it can be seen that the performance of PEMEC can be slightly improved under the 
low current density range (<0.5 A/cm2) where the activation overpotential is the main 
factor of the total cell voltage. But with the increase of the MPL thickness, it will have an 
inverse effect and results in higher cell voltage. 
When the current density is increased, it can be seen that the performance of PEMEC with 
micro particle MPLs will approach the fresh TT-LGDL sample A. At 2.0 A/cm2, the cell 
voltage of the fresh A TT-LGDLs is about 1.725 V, which is in accordance with our 
previous studies [27, 28, 35]. While the cell voltage for A1, A2 and A3 is about 1.722 V, 
1.726 V and 1.752 V, respectively, which shows no improvement of PEMEC performance. 
The reason can be analyzed by the EIS results shown in Figure 31(B).  
EIS is a very useful method to investigate PEMEC performance by measuring the 
impedance of a system at different frequencies. In this study, EIS is conducted at 80 oC and 
0.2 A/cm2. The scan frequency is set from 10 kHz to 20 mHz. The EIS curve has two 
intercepts with the x-axis: the left one indicates the ohmic resistance and the right one 
represents the total resistance, including ohmic, activation and mass transport resistances 
[36]. The distance between the two intercepts indicates the sum of activation and mass 
transport resistances. With the advantage of the TT-LGDLs, the mass transport resistance 
can be neglected, since there is only one arc of the EIS curve due to the easy path of the 
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mass transport in TT-LGDLs [27, 35]. Therefore, the diameter of the semicircle mainly 
indicates the activation resistance. The ohmic resistance of the fresh A, samples A1, A2 
and A3 is about 83, 109, 110, and 120 mΩ*cm2, respectively. It can be seen that the ohmic 
resistance of the PEMECs will be increased by adding the MPLs and the change of ohmic 
resistance will increase with the thicker MPLs. This may be caused by two reasons. First, 
MPLs have a relative roughness surface compared to the fresh TT-LGDLs, which may lead 
to larger interfacial contact resistance. Second, the micro particle MPLs are a mixture of 
micro Ti particles and Nafion ionomer, which are a porous medium and results in poor 
electrical conductivity. Therefore, when adding the micro particle MPLs, the ohmic 
resistance will be increased. 
By examining the activation resistance, it can be found that the micro particle MPLs could 
have a smaller activation resistance. The activation resistance of the fresh A TT-LGDLs, 
sample A1, A2, and A3 is about 179, 126, 140 and 151 mΩ*cm2, respectively. The 
activation resistance can be significantly reduced by the micro particle MPLs, as also can 
be seen from the IR-Free voltage in Figure 31(A). This is attributed to the more active OER 
sites due to the porous micro pores in the MPLs under the TT-LGDL land area, which can 
help to establish an easy path for water and oxygen transport within this area. By 
introducing the micro particle MPLs with fresh A TT-LGDLs, the previous inactive area 
where under the TT-LGDL land will participate in the OER, which enlarge the OER area 
and improve the utilization of catalyst. Thus, the activation of the OER can be reduced. 
But with the increase of the MPL thickness, the structure of the MPLs becomes more  
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Figure 31. Performance and EIS results of A-group samples (A) Polarization curves 
of TT-LGDLs and micro MPLs; (B) EIS results of TT-LGDLs and micro MPLs; (C) 
Polarization curves of TT-LGDLs and nano MPLs; (D) EIS results of TT-LGDLs and 
nano MPLs. 
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complicated, as shown in Figure 28(A-C), which is not good for the water/oxygen transport 
in the MPLs. Therefore, the improvement of OER activation will decrease along with the 
increase of MPL thickness. 
For the nano particle MPLs, as shown in Figure 31(C) and (D), different effects have been 
found. The PEMEC performance will be reduced by introducing the nano particle MPLs, 
and it will become worse with thicker nano particle MPLs. The cell voltage will increase 
to 1.804, 1.852, and 1.894 V for the sample A4, A5, and A6, respectively. This is mainly 
attributed to the increased ohmic resistance. From the EIS results, it can be seen that the 
ohmic resistance of fresh A TT-LGDLs, A4, A5 and A6 is about 83, 124, 149, and 171 
mΩ*cm2, respectively. The ohmic resistance will be significantly increased by adding the 
nano particle MPLs, and it will increase with the thicker MPLs. As a result, the slope of 
the polarization curve will increase gradually with thicker MPLs, and leading to higher cell 
voltage. While the activation resistances between each sample are nearly the same as can 
be seen from the IR-Free voltage in Figure 31(C), which are due to the dense structure of 
the nano particle MPLs, as can be seen in Figure 28(D-F). This structure will prevent the 
possibility of increasing OER sites under the TT-LGDL land area. It is expected that the 
OER sites are not obviously affected, and the OER still mainly occurred at the rim of the 
pores. Therefore, the PEMEC performance will be reduced by the nano particle MPLs, 
which is due to the increased ohmic resistance. 
Based on the above results and discussions, the effects of MPLs are expected to increase 
the OER sites, which will enhance the PEMEC performance by reducing the activation 
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loss. The TT-LGDLs used for sample A have a pore diameter of ~800 µm, and it is found 
that the micro and nano Ti particles will not block or bridge the pores. From our previous 
researches, it has been found that there is no OER sites in the middle of the pore area on 
the CLs, and the OER sites within this area will appear if adding some good electrical 
conductivity materials [30]. So sample B TT-LGDLs were employed. Since the micro 
particle MPLs exhibit a better performance than nano particle MPLs, and the 20 µm 
thickness MPLs show better uniformity of the Ti particles, it is used to prepare the sample 
B1. From Figure 32(A) and (B), it can be found that some Ti particles are located not only 
at the surface of TT-LGDL land but also in the pore area. The performance and EIS of 
fresh B TT-LGDLs and samples B1 were shown in Figure 32. It can be found that the 
ohmic resistance will increase from 81.9 to 93.8 mΩ*cm2 when adding the micro particle 
MPLs on sample B TT-LGDLs. In addition, the activation resistance can be significantly 
reduced from 165 to 114 mΩ*cm2. As a result, the cell voltage can be decreased from 1.707 
V to 1.687 V at 2.0 A/cm2. The effects of MPLs on fresh B TT-LGDLs will be in-situ 
visualized and discussed below.  
5.5.3 In-situ visualization of MPL effects 
In order to confirm the effects of MPLs on TT-LGDLs in PEMECs, the in-situ 
visualizations were obtained in a transparent PEMEC with the help of the HMVS. The 
detailed information on transparent PEMEC and HMVS can be found in our previous 
studies [33, 34]. The movies were captured at a speed of 3000 fps (frame per second), and 
slowly played at 30 fps. The fresh B TT-LGDLs and sample B1 were both in-situ visualized  
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Figure 32. SEM images and in-situ characterization fresh B and B1 TT-LGDLs (A) 
Fresh B TT-LGDLs at pore-scale; (B) Sample B1 at pore-scale; (C) Polarization 
curves; (D) EIS results. 
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and the images shown in Figure 33 were captured from the supplementary movies. 
Our previous studies have confirmed that the visualized bubble sites are the 
electrochemical reaction sites in PEMECs [30]. Due to the requirements of the 
electrochemical reactions at anode of PEMECs, the OER must meet the triple-phase 
boundary (TPB) [37, 38]. The porous complicated CL structures provide nonuniform active 
catalyst distribution throughout the CLs, which lead to unpredicted OER sites. But it can 
be found that due to the large in-plane electrical resistance, all the OER sites are mainly 
located at the rim of the TT-LGDL pores, and the OER sites are few within the field of 
view, as shown in Figure 33(A). The OER sites with fresh B TT-LGDLs varied in each 
pore, and some pores may have one to three OER sites, but a lot of pores have no active 
OER sites. From the movie, it can be seen that the oxygen bubble growth rate is slow, and 
the bubble detach diameter is small. When adding the micro particle MPLs, as shown in 
Figure 33(B), most of the pores have active OER sites. For comparison, the 15 pores are 
observed in the view, and it can be found that 7 pores of the fresh B TT-LGDLs are inactive, 
while there is only 3 inactive pores of the sample B1.  
The more active pores indicate that more catalysts are participating in electrochemical 
reactions. That’s the reason why the activation loss can be reduced when MPLs are applied. 
But the oxygen bubble detach diameter will increase, which is due to the wettability of the 
MPLs and it is not an ideal phenomenon in PEMECs. Therefore, the effects of MPLs can 
be summarized as follows. First, the micro porous structures of MPLs can increase the 
OER sites which help to reduce the activation loss of PEMEC to some extent. Second, the  
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Figure 33. In-situ visualization of OER and oxygen bubble in PEMECs of different 
samples under 0.2 A/cm2 (A) Fresh B; (B) B1. 
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super hydrophobic wettability of the MPLs leads to large oxygen bubble detach diameter 
and this may increase the mass transport loss especially at high current density ranges. 
Third, the additional layer between the TT-LGDLs and CLs at anode of PEMECs cannot 
significantly enhance the performance due to the increased ohmic loss that comes from the 
damaged interfacial contact and MPLs itself. 
5.6 Conclusion 
In this study, the MPLs in PEMECs were developed and fabricated on TT-LGDLs for the 
first time. The MPLs were fabricated with both micro Ti particles (~5 µm) and nano Ti 
particles (30-50 nm) by spraying method. The MPLs were ex-situ characterized and it was 
found that the nano particle MPLs formed a much denser structure than micro particle 
MPLs. Although the MPLs exhibit a super hydrophobic wettability during the 
measurements, the water can easily get through the TT-LGDL pores when the TT-LGDLs 
and MPLs are kept wet. Thus, it is anticipated that the water and oxygen can be transported 
within the MPLs. The nano particle MPLs exhibit a dense structure, which is not good for 
water/oxygen transport and lead to bad performance as a result. The in-situ characterization 
of the micro particle MPLs indicates that it has limited effects on PEMEC performance: 
the micro particle MPLs can slightly improve the PEMEC performance while the nano 
particle MPLs will degrade the PEMEC performance, which is due to the two contrary 
effects from the ohmic loss and activation loss. The activation loss can be reduced with the 
micro particle MPLs by increasing the OER sites under the TT-LGDL land area and in the 
pore area with some particle bridges formed, which has been confirmed by the in-situ 
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visualization results. On the other hand, the MPLs will increase the ohmic resistance 
because of the increased interfacial contact resistance and additional MPL resistance. 
Although the MPLs can reduce the activation loss by increasing OER sites, it will degrade 
the surface roughness and lead to large interfacial contact resistance, as the TT-LGDLs 
have the planar surface and thin thickness, which lead to good performance compared with 
conventional LGDLs in PEMECs, while the MPLs may degrade the interfacial contact. In 
addition, the MPLs will also increase the thickness of the MEAs, which also increase the 
ohmic resistance. By fabricating the TT-LGDLs with small pores and large porosities, the 
activation resistance is expected to be reduced, and it will not have much effect on ohmic 
resistance, which can lead to much better performance than TT-LGDLs with MPLs. 
Therefore, it is concluded that the MPLs offer some improved performance under specific 
conditions but may not be required for optimum TT-LGDLs in PEMECs. The results also 
indicate that the TT-LGDLs with small pore size and large porosity are a very promising 
component for high efficiency and low cost PEMEC. 
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CHAPTER VI 
NOVEL THIN/TUNABLE GAS DIFFUSION ELECTRODES WITH 
ULTRA-LOW CATALYST LOADING FOR HYDROGEN 
EVOLUTION REACTION IN PROTON EXCHANGE MEMBRANE 
ELECTROLYZER CELLS 
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6.1 Graphical Abstract 
 
162 
 
6.2 Abstract 
Proton exchange membrane electrolyzer cells (PEMECs) have received great attention for 
hydrogen/oxygen production due to their high efficiencies even at low-temperature 
operations. Because of the high cost of noble platinum-group metals (PGM) catalysts (Ir, 
Ru, Pt, etc.) that are widely used in water splitting, a PEMEC with low catalyst loadings 
and high catalyst utilizations is strongly desired for its wide commercialization In this 
study, the ultrafast and multiscale hydrogen evolution reaction (HER) phenomena in an 
operating PEMEC is in-situ observed for the first time. The visualization results reveal that 
the HER and hydrogen bubble nucleation mainly occur on catalyst layers at the rim of the 
pores of the thin/tunable liquid/gas diffusion layers (TT-LGDLs). This indicates that the 
catalyst material of the conventional catalyst-coated membrane (CCM) that is located in 
the middle area of the LGDL pore is underutilized/inactive. Based on this discovery, a 
novel thin and tunable gas diffusion electrode (GDE) with a Pt catalyst thickness of 15 nm 
and a total thickness of about 25 µm has been proposed and developed by taking advantage 
of advanced micro/nano manufacturing. The novel thin GDEs are comprehensively 
characterized both ex-situ and in-situ, and exhibit excellent PEMEC performance. More 
importantly, they achieve much higher catalyst mass activity of up to 58 times higher than 
conventional CCM at 1.6 V under the operating conditions of 80 oC and 1 atm. This study 
points out a promising concept for PEMEC anode electrode development, and provides a 
direction of future catalyst design and fabrication for electrochemical devices. 
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6.3 Introduction 
Hydrogen is considered to be very attractive energy carrier, as it offers high energy density 
and non-pollutant emissions. When coupled with renewable energy resources, proton 
exchange membrane electrolyzer cells (PEMECs) are capable of hydrogen/oxygen 
production for sustainable energy system with high efficiency and low cost [1-12]. Water 
can be split into oxygen and hydrogen through catalyst-driven electrochemical reactions at 
low temperatures. Catalysts are typically iridium-ruthenium oxides (IrRuOx) at the anode 
and platinum black (PtB) at the cathode [11-13]. All three metals are very scarce, which 
means it is critical to maximize utilization and to reduce precious metal loadings [14, 15]. 
Challenges regarding catalyst cost and availability will only worsen as hydrogen 
production begins to scale up, making this issue even more critical [16-22]. 
In PEMECs, the hydrogen generated at the cathode via the hydrogen evolution reaction 
(HER), usually includes three steps: Volmer, Heyrovsky and Tafel steps [23-25]. The HER 
rate is greatly influenced by hydrogen adsorption free energy (HAFE). The optimal HER 
catalysts should have the HAFE close to zero, and also have appropriate properties in order 
to provide the best catalytic activity [23]. Platinum offers a high catalytic activity for the 
HER in acidic media and a conversion efficiency > 80% and it is the most commonly used 
catalyst for the HER [26]. Typical and conventional methods of manufacturing the catalyst 
layer in membrane electrode assemblies (MEAs) include painting, spraying, and printing 
of catalyst inks, which contain polymer electrolyte and carbon supported catalysts, onto 
the Nafion membrane [27-30]. Many new fabrication techniques have been used to produce 
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electrodes with extremely low catalyst loadings. Production methods include sputter 
deposition, reactive spray deposition techniques (RSDT), core-shell catalyst structure 
fabrication, platinum nanocages or nanowires. Most of these novel catalysts were 
characterized and analyzed with ex-situ methods, lacking any in-situ PEMEC performance 
characterization [14, 19, 31-33]. Sputter deposition, with its advantages of low cost and 
ease of operation, has been investigated to fabricate electrodes in different types of fuel 
cells (FCs). In many cases, these electrodes improved catalyst utilization over conventional 
catalyst-coated membrane (CCM) [32-35]. In particular, it has been found that catalysts 
that are deposited directly on gas diffusion layers (GDLs) show good potential to improve 
FC performance. The mechanisms for these results remained unclear and the in-situ HER 
in a PEMEC has never been explored partially because it occurs very rapidly and inside 
the PEMEC device [33, 36-38]. To our best knowledge, there is no public literature that 
has in-situ visualized the HER in an operating PEMEC. We recently developed the thin 
and tunable liquid/gas diffusion layers (TT-LGDLs) with straight-through pores and well-
controlled pore morphologies. These TT-LGDLs have demonstrated superior 
multifunctional performance with voltages as low as 1.66 V at 2.0 A/cm2 and 80 oC [39]. 
By taking advantages of the TT-LGDL unique features with the straight-through pores, the 
oxygen evolution reaction (OER) at the PEMEC anode has been successful captured [11]. 
In this study, the ultrafast and multiscale HER, and hydrogen bubble dynamics in an 
operating PEMEC was in-situ observed for the first time. Based on the micro pore-scale 
visualization results, a novel thin GDE with a catalyst thickness of 15~90 nm and a total 
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thickness of only 25 µm was developed using TT-LGDLs. The impact of catalyst loading 
on thin GDE morphology was examined by scanning electron microscopy (SEM) and 
scanning transmission electron microscopy (STEM). The in-situ performances of samples 
with different catalyst loadings were investigated and compared to PEMEC with 
conventional CCMs. It has been found that the novel thin GDEs could not only obtain an 
excellent performance, but also achieve superior catalyst mass activity of up to 58 times 
more than conventional CCM. 
6.4 Experimental Details 
For the testing system, the PEMEC was compressed by eight evenly distributed bolts, 
which were tightened to 4.52 N·m of torque. Two end-plates were made from commercial 
grade Al and provided even compression on the PEMEC. The bipolar plates made from 
graphite (AXF-5Q) had the parallel flow channels. The PEMEC had an active area of 5 
cm2. The tests were operated under atmosphere pressure at 80 oC. The PEMEC was 
attached to an electrolyzer control system with current range up to 100 A and a voltage 
range up to 5 V (Potentiostat VSP/VMP3B-100 from Bio-Logic). The hardware was 
connected to EC-Lab, an electrochemical analysis software from Bio-Logic, which was 
used to test and evaluate performance. The polarization curve of performance and high-
frequency resistance (HFR) were measured during the tests. 
To catch the phenomena of the electrochemical reactions in an operating PEMEC, a high-
speed and micro-scale visualization system (HMVS) was built and coupled with a 
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transparent PEMEC cathode [11]. In order to visualize the HER and hydrogen bubble 
formation at the cathode side, DI water was circulated at both anode and cathode of the 
transparent PEMEC. The flow of DI water at anode and cathode was controlled by two 
separate diaphragm liquid pumps with a flow rate of 20 ml/min (about 5.86 cm/s in each 
flow channel). The HMVS contained a high-speed camera (Phantom V711) and long 
working distance optical system (Infinity K2 DistaMax). With the help of the HMVS, local 
hydrogen formation can be observed and analyzed based on micro-scale bubble generation 
in the transparent/operational PEMECs. 
A conventional CCM (Nafion 115 from FuelCellEtc) with 3.0 mg/cm2 IrRuOx at the anode 
and 3.0 mg/cm2 Pt black at the cathode was used as a baseline. Nafion 115 membranes 
coated on a single side with 3.0 mg/cm2 IrRuOx at the anode were used as membranes in 
this study. A fresh carbon paper with 280 µm thickness and 78% porosity was used as the 
anode LGDLs for each test [39, 40]. Titanium TT-LGDLs with a circular pore diameter of 
400 µm and porosity of approximate 50% were used as cathode LGDLs, and also acted as 
substrates for platinum sputter deposition. Plasma modifications and sputter deposition 
augmentations were both completed using a BIO-RAD Polaron Division SEM Coating 
System E5150. A potential of 2.4 kV and a current of 20 mA was maintained to control the 
deposition rate for platinum. The thickness of the coating was controlled by the sputtering 
time. A titanium foil sample was sputter deposited in-situ with each TT-LGDL. The sputter 
coated Pt was examined under SEM to determine the surface characteristics of the platinum 
thin film. The loadings of Pt and thickness were calculated by weighing the TT-LGDLs 
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and the in-situ deposited Ti foil, respectively, and the results are shown in Table 8. When 
estimating the thickness of the Pt thin film, the bulk density of Pt was used, and the 
thickness was also examined under STEM. It should be noted that the catalyst loading of 
the CCM is 15 to 93 times that of the catalyst deposited on the TT-LGDLs as shown in 
Table 8.  
The Pt morphologies were identified by using a field emission SEM JEOL JSM-6320F 
with an accelerating voltage of 0.5 – 30 kV, a magnification of 130 x~650,000 x and a 5-
axis specimen mount. Thin cross section samples were prepared for STEM analysis by 
diamond-knife ultramicrotomy. Aberration-corrected bright-field STEM images were 
acquired in the JEOL JEM 2200FS TEM/STEM and energy dispersive X-ray spectroscopy 
(EDS) was performed in the Hitachi HF3300 TEM/STEM. 
 
Table 8. Parameters of the platinum thin film coated on the TT-LGDLs. 
Sample 
Thickness 
[nm] 
Effective Pt Loading 
[mg/cm2] 
Loading Ratio of CCM Pt over 
Sputter Deposited Pt 
A1 15 0.032 93.75 
A2 24 0.051 58.82 
A3 40 0.086 34.88 
A4 90 0.193 15.54 
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6.5 Results and Discussion 
The catalysts morphology of the conventional CCM is examined under SEM and the results 
are shown in Figure 34(a) and (b). It can be seen that the CL of the conventional CCM is a 
porous media which forms non-uniformly distributed agglomerates on the membrane 
surface [39]. This will likely cause locally changing physical properties and catalytic 
activities at the conventional CL. The conventional CLs have a thickness of 20 µm. It 
conducts both protons and electrons: protons from the PEM will be transported through the 
ionomer in the CLs to the HER sites, while the electrons are conducted by the Ti felt LGDL 
or TT-LGDLs and the Pt in the CLs to the HER sites. HER occurred hydrogen bubbles are 
generated across the entire CL, as shown in Figure 34(g) and (h), since the protons and 
electrons can be transported in the CL. For the LGDLs, the conventional LGDLs made 
from Ti fibers or carbon fibers, are porous media and have a random pore morphology, 
including pore shape, pore size and pore distribution. The complex structures of Ti felt 
hinder the possibility of in-situ visualization of HER and hydrogen bubble in PEMECs. In 
order to visualize the ultrafast and microscale HER, the novel TT-LGDLs with straight-
through pores and planar surface are designed and fabricated. The typical manufacturing 
process includes photo-lithography and chemical wet-etching. The thickness of the TT-
LGDLs is only 25 µm, which is much thinner than conventional Ti felt of about 350 µm in 
thickness. The PEMECs with TT-LGDLs can obtain a superior performance due to the 
remarkably reduced mass transport, ohmic and activation losses [39, 41, 42] compared with 
the conventional Ti LGDL at anode side [40, 43]. 
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Figure 34. SEM images and schematics of different MEAs. (a) Anode CL (IrRuOX) 
of CCM. (b) Cathode CL (PtB) of CCM. (c) Top-view of conventional Ti felt LGDLs. 
(d) Top-view of TT-LGDLs. (e) Cross-section of conventional Ti felt LGDLs. (f) 
Cross-section of TT-LGDLs. (g) Schematic of HER and hydrogen bubble generation 
in conventional LGDLs. (h) Schematic of conventional perception of hydrogen bubble 
generation with novel TT-LGDLs.  
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The conventional CCM with TT-LGDLs is assembled in a transparent PEMEC and tested 
in-situ. The in-situ ultrafast and microscale HER is captured and observed using the HMVS 
system. Results are shown in Figure 35(b) and (c), which are from the movies. The 
visualization movie is captured under the frame rate of 3000 fps and replayed at 15 fps in 
order to analyze the ultrafast HER phenomenon. The flow channels and pores of the TT-
LGDLs are filled with water with exception of hydrogen bubbles from the HER. The shiny 
part is the novel TT-LGDLs and the dark grey part in the circular pore is the cathode 
catalyst layer (Pt black) of the CCM. The pattern of the CCM cathode catalyst layer is 
similar to that of the sample in Figure 34(b), which is due to the CCM fabrication process. 
It is well known that the electrochemical reaction happens at triple-phase boundaries 
(TPBs) representing the locations with electron/proton conductors, active catalysts, and 
pathways for reactants/products [11]. At the cathode, there are no reactants besides the 
protons from the Nafion membrane and electrons from the external circuit, and the only 
product is hydrogen. Hydrogen will generate at the sites that satisfy the TPB requirements. 
During the visualization experiment, the hydrogen bubbles form mainly at the rim of the 
pore. Our previous research has verified that the bubble generation sites are the same as 
the electrochemical reaction sites, which means the bubble will be eventually observed 
whenever and wherever there is electrochemical reaction on the CLs [11]. Due to the 
fabrication of the CCM, the catalyst in the CL may not distribute uniformly and the 
complex structure of the CL will lead to nonuniform TPB sites [39]. That is why only a 
few sites on the rim of the pore can be active as shown in Figure 35(b) and (c). 
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Figure 35. High-speed and micro-scale visualization system (HMVS) and high-
speed/pore-scale visualization results with conventional MEAs. (a) Schematic of 
HMVS and transparent PEMECs with novel TT-LGDLs. (b) and (c) Image and 
schematic of HER phenomena within pore area under the operating conditions of 80 
oC at 0.4 A/cm2. 
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It is believed that due to the large electrical resistance in conventional CLs, the hydrogen 
bubbles are mainly generated at the rim of the pore. This observation is similar to the 
observation of the bubble formation during the OER at the anode of PEMECs [11, 39]. 
From the above in-situ HER and hydrogen bubble generation observations, it can be 
assumed that a large amount of catalyst located in the middle of the pore area is inactive. 
This would cause low catalyst mass activity. Based on the above assumptions, a novel thin 
GDE with ultra-low catalyst loadings is designed, as shown in Figure 36(a) and (b). The 
design features the lack of catalyst in the pore area, reducing the CL thickness (from ~20 
µm to only 15-90 nm) and using ionomer free CL design (thin film Pt layer). It is expected 
to increase catalyst utilization and achieve a higher Pt catalyst mass activity. For the novel 
thin GDEs, the protons can be transported from the PEM directly to the HER sites, while 
the electrons can be transported from the TT-LGDLs through the thin film CLs to the HER 
sites. With the design of the novel thin GDEs, it is expected that the HER and hydrogen 
bubble generation will only occur at the rim of the pore, due to the TPB requirements. 
The novel thin GDEs are tested in the transparent PEMECs and the visualization results 
are shown in Figure 36(c) and (d). For the GDEs, the nano-film Pt is deposited on the 
surface of the TT-LGDLs and in direct contact with the Nafion of the membrane. The dark 
black area in Figure 36(c) shows the anode catalyst layer on the membrane backside since 
the Nafion membrane is almost transparent. For the novel thin GDE shown in Figure 36(c) 
and (d), the reaction sites are distributed along the rim of the pore as well, which is similar 
to the HERs occurred in the PEMEC with conventional CCMs. 
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Figure 36. Schematics and high-speed/pore-scale visualization results with novel thin 
GDEs. (a) HER and hydrogen bubble generation with conventional MEAs and TT-
LGDLs. (b) Novel thin GDEs – nano-film catalyst-coated TT-LGDLs. (c) Image of 
HER phenomena within pore area with the novel thin GDE under the operating 
conditions of 80 oC at 0.4 A/cm2. (d) Schematic of HER and hydrogen bubble 
generation.  
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The novel thin GDEs Pt nano-film catalysts are ex-situ characterized and in-situ test in a 
standard PEMEC. As shown in Figure 37(a), (b) and (c), the morphologies of the sputter 
coated catalyst and conventional CCM (as shown in Figure 34(b)) are very different. The 
catalyst of the CCM has a porous morphology while the sputtered catalyst is obviously 
much denser just with some cracks on the surface. The grain size, lattice fringe and 
thickness of the thin film Pt layer are examined under BF-STEM and STEM-EDS, as 
shown in Figure 37(b) and (c). It can be seen that the thickness of the CL (Sample A3) is 
around 40 nm with individual crystalline grains of about 5 nm, and the platinum distributed 
uniformly on the surface of the Ti substrate.  
Both conventional CCM with TT-LGDLs and Ti Felt, and novel thin GDEs are tested in a 
regular PEMEC and the results for the conventional CCM and GDE A3 (40 nm Pt thin film 
layer) are shown in Figure 37.  
It can be seen that the performance of the CCM with Ti felt achieves similar performance 
compared with our novel thin GDE, but worse than CCM with TT-LGDLs. The cell voltage 
of the CCM with TT-LGDLs, Ti Felt, and GDE A3 is about 1.72 V, 1.85 V, and 1.84 V at 
2.0 A/cm2, respectively. The HFR of the Ti felt is about 0.034 Ω, which is much larger 
than CCM with TT-LGDLs (0.015 Ω) and GDE-A3 (0.022 Ω), and it will lead to higher 
cell voltage at high current density ranges (> 1.0 A/cm2). It has been proofed that the TT-
LGDLs can significantly reduce the ohmic losses due to its planar surface, thin thickness 
and good conductivity, and that is why the CCM with TT-LGDLs can achieve smaller HFR 
than CCM with Ti Felt [39, 40].  
175 
 
 
Figure 37. SEM/STEM results and performance comparison. (a) SEM images of the 
Pt CL on GDE. (b) BF-STEM images of Pt CL on GDE showing crystallite size and 
Pt lattice spacing. (c) Cross-sectional STEM-EDS spectrum image of Pt CL on GDE 
with a thickness of about 40 nm. (d) Polarization curves between conventional MEA 
and the novel thin GDE. (e) Catalyst mass activity comparisons at 1.6 V. 
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It is known that the interfacial contact resistance in the PEMEC contributes to a large part 
of ohmic resistance [44]. For the novel thin GDEs, an increased HFR may be expected 
from the proton transport resistance at the CL/PEM interface. The Pt mass activity is about 
0.24, 0.28 A/mg for the CCM with TT-LGDLs and Ti Felt, respectively, which means that 
the TT-LGDLs can slightly improve the catalytic activity. Therefore, the CCM with TT-
LGDLs can achieve better performance due to the improved catalyst mass activity and 
reduced ohmic loss. While the novel thin GDEs can greatly improve the Pt mass activity 
to 7.4 A/mg, almost 31 folds than CCM with Ti felt, and 26 folds than CCM with TT-
LGDLs. Although the GDE A3 cannot achieve better performance than CCM with TT-
LGDLs, it should be noted that the Pt loading of the GDE A3 is small. The utilization of 
the catalyst has been greatly enhanced and improved. On the other hand, the similar 
performances of the conventional CCM with TT-LGDLs and the novel thin GDE, as shown 
in Figure 37(d), may demonstrate that most of the catalyst that located in the middle of the 
pore area is inactive and does not contribute to the cell performance. Therefore, the novel 
thin GDEs are able to achieve good performance although no catalyst is present in the pore 
area of the TT-LGDLs, which is almost 50% of the geometric area. The ultra-thin GDEs 
consequently achieve much higher utilization and higher catalyst mass activity.  
Figure 38 and Figure 39 show ex-situ and in-situ results of novel thin GDEs with different 
thicknesses of catalyst thin films. The ex-situ experiments indicate that the platinum did 
not form continuous films on the titanium TT-LGDLs, but rather agglomerated, which is 
consistent with the literatures [33, 45].  
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Figure 38. High resolution SEM images and schematic images of novel thin GDEs 
with different thicknesses of Pt CLs. Top view of SEM images of samples A1 (a), A2 
(b), A3 (c), and A4 (d). Schematics of the contact and active reaction sites for the flat 
surface with smaller particle size (e) and rough surface with larger particle size (f). 
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The grain size of the platinum particles increases with the increase of deposition thickness, 
as shown in Figure 38. The particle size is under 10 nm when the thickness is less than 25 
nm, and it increases to about 15 nm at 40 nm thickness and 20 nm at 90 nm thickness, 
respectively. The increase of the particle size indicates that the platinum agglomerates 
gradually during the deposition process. From the Figure 38(d), it can be seen that some 
bulges formed at the catalyst surface and the surface is not as flat as the other samples, 
which may result in deterioration of interfacial contacts and lead to reduced performance. 
The effects of platinum loading on PEMEC performance and catalyst mass activity are 
shown in Figure 39. At a certain catalyst loading, or a certain catalyst layer thickness, the 
PEMEC shows the best performance, while at lower or higher loadings, the performance 
decreases. For example, at a current of 2.0 A/cm2 the sample with the lowest loading 
sample A1 requires a cell voltage of 1.897 V, the best performing sample A3 requires 1.845 
V and the highest loaded sample A4 requires 1.867 V. This may indicate that the amount 
of active reaction sites in this electrode is also a function of electrode thickness.  
The electrochemical reaction occurs only at TPBs (solid/liquid/gas phase), where there are 
good conductors for protons (ionomer) and electrons (TT-LGDLs and Pt), paths for product 
(hydrogen gas), and also active catalysts [33, 46]. The Pt particles are distributed uniformly 
on the TT-LGDL surface. When the Pt thin film thickness increases from 15 nm to 40 nm 
(A1, A2 and A3), the particle size increases, which may reduce the active reaction sites 
and the PEMEC performance. But it has been known that the protons, which have high 
mobility and small size, mostly can permeate into the ionomer-free Pt thin film within tens 
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of nanometer scale that can increase the active reaction sites [47, 48]. Therefore, the real 
active reaction sites should be increased when the thickness of Pt thin film increases from 
15 nm (A1) to 40 nm (A3). But this effect is limited to a threshold thickness due to the 
proton transport in the ionomer-free Pt thin film. When the particle size of A4 (as shown 
in Figure 38(f)) is larger and the surface is rougher than sample A3 (as shown in Figure 
38(e)), the reaction sites will likely be reduced due to the bulges and large particle size, 
resulting in decreased TPB sites. The performance of the sample A2, A3 and A4 are very 
close, and they all achieve relatively good performance compared to the literature [28, 31, 
49]. From Figure 39(b), it can be seen that the catalyst mass activity at 1.6 V decreases 
with increasing catalyst loading. A1 achieves the largest mass activity at 16.175 A/mg, 
which is almost 58 times higher than the one measured for the conventional CCM with TT-
LGDLs and the value is very high when compared to the literature [11, 50]. The significant 
increase of catalyst mass activity demonstrated that the novel thin GDEs are an effective 
approach to improving the catalyst utilization. EIS is a very useful in situ method for 
analyzing PEMEC performance, ohmic resistance, activation resistance and diffusion 
resistance. Usually, there are two x-intercepts of the Nyquist EIS plot: the left one (high 
frequency) indicates the ohmic resistance and the right one (low frequency) is the sum of 
the resistance [51]. The EIS results of the four GDEs are tested at 0.2 A/cm2, as shown in 
Figure 39(c). It can be seen that GDE-A1 has the largest ohmic loss than the others, while 
the differences between them are very small, which means that the ohmic resistances are 
almost the same, and these results can be also found as the HFR in Figure 39(a). 
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Figure 39. The effect of the nano-film catalyst thickness. (a) Polarization curves. (b) 
Mass activity comparisons at 1.6 V. (c) EIS.  
181 
 
The distance between the two x-intercepts mainly represents the activation loss [51], and 
it shows that the GDE-A2 and A3 have the smaller activation losses than the GDE-A1 and 
A4, which is in accordance with the performance results. The EIS results confirm that the 
Pt catalytic activity is enhanced when the Pt thin film thickness increases from 15 nm to 
40 nm, while it cannot be further improved by increasing the thickness from 40 nm to 90 
nm, which may be attributed to the rougher and large particle size of the GDE-A4. 
6.6 Conclusion 
In this study, the ultrafast and multiscale hydrogen evolution reaction (HER) and hydrogen 
bubble formation in an operating PEMEC are observed in-situ using a specially designed 
high-speed and micro-scale visualization system and a transparent PEMEC for the first 
time. The visualization results show that the hydrogen bubbles are mainly generated at the 
pore rim of TT-LGDLs and indicate that most catalysts located within the pore area are 
underutilized/inactive. Based on the findings, novel thin/tunable GDEs coupled with TT-
LGDLs are developed to improve the catalyst mass activity and reduce the catalyst loading 
in a PEMEC. The novel thin GDEs are ex-situ characterized and in-situ tested. The novel 
thin GDEs achieve similar performance to conventional CCMs even at a small fraction of 
the catalyst loading. Superior catalyst mass activities up to 16.175 A/mg Pt are 
demonstrated. Improvements of mass activity are as high as 58 times that of conventional 
CCMs at 1.6 V and 80 oC. Furthermore, the effects of the catalyst loadings are investigated 
and an optimized thickness of GDE catalyst layer (40 nm or 0.086 mg/cm2) is found. The 
successful development of the novel thin GDEs points out a promising concept and method 
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for the OER electrode, which has more impact on PEMEC performance and cost. This 
study provides a direction of future catalyst design and fabrication in future 
electrochemical devices. 
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CHAPTER VII 
PERFORMANCE MODELING AND CURRENT MAPPING OF 
PROTON EXCHANGE MEMBRANE ELECTROLYZER CELLS 
WITH NOVEL THIN/TUNABLE LIQUID/GAS DIFFUSION 
LAYERS 
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7.1 Abstract 
The novel titanium thin/tunable liquid/gas diffusion layers (TT-LGDLs) with precisely 
controllable pore morphologies have achieved superior multifunctional performance in 
proton exchange membrane electrolyzer cells (PEMECs) with its advantages of ultra-thin 
thickness (25 µm), planar surface, and straight-through pores. Since the conventional 
PEMEC models cannot effectively simulate the effects of pore morphologies of TT-
LGDLs on PEMEC performance, a comprehensive computational model is developed in 
MATLAB/Simulink platform to simulate its electrochemical performance. By taking 
advantage of the precisely controlled pore morphology of TT-LGDLs, the model regarding 
the interfacial contact resistance between the TT-LGDLs and catalyst layers (CLs) is 
closely correlated to the pore diameter and porosity of the TT-LGDLs. In addition, the 
roughness factor, which is a critical coefficient in simulating the activation overpotential 
in Butler-Volmer equation, is also modeled as a function of TT-LGDL morphologies. More 
193 
 
importantly, a novel two-dimensional (2D) CL resistance model that consists of both in-
plane and through-plane resistances is also developed to predict the current distribution on 
the CLs. The present model can precisely match the experimental results and effectively 
calculate the PEMEC performance with different TT-LGDL morphologies and operating 
temperatures. The optimized morphology of TT-LGDLs is the larger porosity and smaller 
pore diameter, which can offer better PEMEC performance. Results obtained from the 
present model will provide a deep understanding of the functions of TT-LGDL 
morphology, and also help to optimize the design and fabrication of both the TT-LGDLs 
and CLs. 
7.2 Introduction 
Proton exchange membrane electrolyzer cells (PEMECs), which work as the reverse PEM 
fuel cells (PEMFCs), have been considered as one of the most attractive and popular 
methods for hydrogen and oxygen generation from water splitting, especially when 
coupled with the renewable energy sources such as wind, solar, hydro, tide, etc. [1-7]. 
PEMECs can produce very pure hydrogen/oxygen with few contaminants and have many 
advantages, including high energy efficiency, fast charging/discharging, and compact 
design [8-11]. In addition, PEMECs provide a completely environmentally friendly 
approach to produce hydrogen compared with the conventional methods, such as alkaline 
water electrolysis and fossil fuel reforming, and it can be operated effectively under low 
temperatures [12-16]. 
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Figure 40  shows the main components in a typical PEMEC, which is similar to the 
structure of PEMFCs [17]. It consists of two electrodes, including anode and cathode, 
which are separated by a proton exchange membrane (PEM). At each electrode, there are 
a bipolar plate (BP) with flow channels (FCs) on it, a liquid/gas diffusion layer (LGDL), 
and a catalyst layer (CL).  
 
 
Figure 40. Three-dimensional geometrical schematic of a PEMEC with TT-LGDLs. 
 
Liquid water at the anode is continuously supplied and it flows from the BP/FCs through 
the LGDLs to the surface of the CLs, where water is electrochemically split into oxygen 
molecules, protons, and electrons after the electricity is applied to the PEMECs. Protons, 
generated at anode, transport from the electrochemical reaction sites through the PEM to 
the cathode to form hydrogen gas. The electrochemical performance of the PEMECs is 
influenced by many factors, including operating conditions, PEM physical parameters, CL 
properties, LGDL pore morphologies and so on [18]. Modeling is one of the promising 
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methods to optimize PEMEC designs and operations due to its precisely predicting results, 
time saving, and low cost. 
Choi et al. developed a simple mathematical model that calculated the cell voltage of solid 
polymer electrolyte water electrolysis, including interfacial contact ohmic overpotential. 
They also used simplified Butler-Volmer equation to calculate the activation overpotential 
[19]. Gorgun’s model focused on studying water transport phenomenon through the 
membrane in PEMECs with Simulink[20]. Z. Abdin et al. also used Simulink to model and 
simulate the PEMEC performance, which is a powerful tool for exploring the effects of 
each component [21]. Grigoriev et al. introduced a model to evaluate PEMEC performance 
under atmosphere and high pressure. The effects of different operating pressure, 
temperature, and current density were also discussed comprehensively [22, 23]. Marangio 
et al. also developed a theoretical model especially for high pressure PEMECs, which used 
Gibbs free energy to calculate the open circuit voltage. The water transport in PEMECs 
were also comprehensively investigated by considering the concentration difference, 
electroosmotic drag, pressure difference, and so on. The interfacial contact resistances was 
also considered in the model which had a great influence on PEMEC performance [24]. 
David et al. established a three-dimensional (3D) model of CLs in PEMFCs by taking into 
account the detailed composition and structure of the CLs using a multiple thin-film 
agglomerate model [25]. Our group also established a electrochemical performance model 
of a PEMEC which fully considered the effects of various operating conditions and design 
parameters on the cell performance based on the porous conventional LGDLs [26, 27]. The 
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two-phase transport model was developed to investigate the transport properties in the 
anode porous LGDL and to analyze their effects on the PEMEC performance and 
efficiency [28-31].  
By taking advantage of advanced micro/nano manufacturing [32], a novel thin planar 
titanium LGDL with tunable pore morphologies has achieved superior performance with a 
large porosity and small circular pore diameter, as shown in Figure 41, and this kind of 
thin/tunable LGDLs (TT-LGDLs) can significantly reduce the ohmic and activation losses 
[33-35]. Although a lot of models have been established for PEMECs and PEMFCs, they 
all use conventional porous media as their LGDLs, such as Ti felts as shown in Figure 41 
[19, 36-38]. It has been found that the structures of the TT-LGDLs are significantly 
different from conventional porous Ti felt LGDLs, and the thickness of the novel TT-
LGDLs is only 25µm, which is much thinner than conventional Ti felt (350 µm). The 
planar surface of the TT-LGDLs can greatly enhance the interfacial contact characteristics, 
while the Ti felt is made of fibers and the interface is impacted by compression conditions. 
An impressive phenomenon has shown that the oxygen bubbles only generate at the rim of 
the pores along the CL surface, which has been captured by a high-speed micro-scale 
visualization system [34, 39]. The conventional models cannot successfully simulate the 
PEMECs with TT-LGDLs by simply changing some parameters in the codes because they 
are used for the conventional LGDLs, such as Ti felt, sintered Ti powders, which are always 
considered as a thick porous media. These conventional LGDLs are simplified in the model 
and some of the models even consider the LGDL and CL as a whole [21, 24, 27]. 
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Figure 41. SEM images of TT-LGDLs and conventional titanium felt LGDLs. (a) Top 
view of Ti felt LGDLs. (b) Cross-section of Ti felt LGDLs. (c) Top view of TT-LGDLs. 
(d) Cross-section of TT-LGDLs.  
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Therefore, the conventional PEMEC models cannot precisely predict the effects of the pore 
diameter and porosity of TT-LGDLs, and the current mapping cannot be effectively 
modeled and validated. At present, a comprehensive model for better correlating the effects 
of both design parameters and operating conditions with TT-LGDLs is strongly desired. 
Therefore, some new modules and equations should be added into the conventional models, 
to establish a comprehensive model for precisely assessing the impacts of TT-LGDL 
morphologies on the PEMEC performance.  
In this study, a comprehensive computational model for the PEMECs with TT-LGDLs at 
anode side is established based on the previous PEMEC model [30]. MATLAB/Simulink 
is adopted to develop this novel model due to its user-friendliness, modular programming, 
very good interactivity and portability [40]. A new ohmic loss model for PEMECs, 
including the interfacial contact resistances between the CLs and TT-LGDLs, has been 
developed. Furthermore, the roughness factor in the Butler-Volmer equation, which is used 
to calculate the activation overpotential, can greatly influence the PEMEC performance by 
pore morphology of the TT-LGDLs, and its relation has been embedded in the 
comprehensive computational model. The influence of operating conditions and TT-LGDL 
pore diameter and porosity on PEMEC performance can be investigated precisely. More 
importantly, a novel two-dimensional (2D) CL resistance model, which consists of both 
in-plane and through-plane resistance models, is also developed to predict the current 
distribution on the CLs. 
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7.3 Model Development 
7.3.1 Electrochemical performance 
The electrochemical performance of a PEMEC can be expressed by the polarization curve, 
which is the relation between the current density and cell voltage. The cell voltage of a 
PEMEC consists of open circuit voltage (OCV), ohmic overpotential, activation 
overpotential, and diffusion overpotential, which is shown as [36]: 
𝑽 = 𝑽𝑶𝑪𝑽 + 𝑽𝑶𝒉𝒎 + 𝑽𝒂𝒄𝒕 + 𝑽𝒅𝒊𝒇𝒇                            Equation 7 
Where 𝑉𝑂𝐶𝑉  is OCV, 𝑉𝑂ℎ𝑚  is ohmic overpotential, 𝑉𝑎𝑐𝑡  is activation overpotential, and 
𝑉𝑑𝑖𝑓𝑓 is diffusion overpotential. 
It is obvious that the lower cell voltage at a constant current density represents a better 
performance of PEMECs. During the experiments, the PEMEC voltage can be measured 
and recorded by any potentiostat systems, while it is difficult to distinguish each part of the 
overpotentials. Therefore, the mathematical modeling is employed to calculate each of the 
overpotentials and obtain the PEMEC performance. The following sections will discuss 
about the calculation of each overpotential. 
7.3.2 Open circuit voltage 
The open circuit voltage of a PEMEC, which is also called the reversible voltage, can be 
calculated from the Nernst equation and expressed as follows [36]. 
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𝑽𝑶𝑪𝑽 = 𝑽𝟎 +
𝑹𝑻
𝟐𝑭
𝒍𝒏 (
𝜶𝑯𝟐𝜶𝑶𝟐
𝟎.𝟓
𝜶𝑯𝟐𝑶
)                                  Equation 8 
𝑉0 is the reversible voltage under standard pressure condition, which can be expressed by: 
𝑽𝟎 = 𝟏. 𝟐𝟐𝟗 − 𝟎. 𝟗 × 𝟏𝟎
−𝟑(𝑻 − 𝟐𝟗𝟖. 𝟎)                     Equation 9 
Where R is the gas constant that is 8.314 J/mol K, T is the operating temperature in the unit 
of K, 𝛼𝐻2 and 𝛼𝑂2 is the activity of ideal hydrogen and oxygen gas, respectively, which can 
be calculated by: 
𝜶𝑯𝟐 =
𝑷𝑯𝟐
𝑷𝟎
, 𝜶𝑶𝟐 =
𝑷𝑶𝟐
𝑷𝟎
,                                 Equation 10 
𝑃𝐻2  and 𝑃𝑂2  are the partial pressure of hydrogen and oxygen, respectively, 𝑃0  is the 
standard atmosphere pressure. 𝛼𝐻2𝑂 equals to 1.0 for the liquid water. 
7.3.3 Ohmic overpotential 
The ohmic overpotential is due to the ohmic resistances of BPs, LGDLs, CLs, PEM, and 
the interfaces between components. The total ohmic overpotential can be expressed as: 
𝑽𝒐𝒉𝒎 = (𝑹𝑩𝑷 + 𝑹𝑳𝑮𝑫𝑳 + 𝑹𝑪𝑳 + 𝑹𝑷𝑬𝑴 + 𝑹𝒊𝒏)𝒊𝑨                  Equation 11 
Where the PEM resistance contributes to the most of the total ohmic loss, which can be 
calculated as [31, 41]: 
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𝑹𝑷𝑬𝑴 =
𝜹𝒎
𝑨𝝈𝒎
                                             Equation 12 
Where 𝛿𝑚 is the PEM thickness and 𝜎𝑚 is the PEM conductivity in the unit of S/cm, which 
is related to the humidification degree 𝜆 and operating temperature T in the unit of K, and 
can be expressed as [41]: 
𝝈𝒎 = (𝟎. 𝟎𝟎𝟓𝟏𝟑𝟗𝝀 − 𝟎. 𝟎𝟎𝟑𝟐𝟔)𝒆𝒙𝒑 [𝟏𝟐𝟔𝟖(
𝟏
𝟑𝟎𝟑
−
𝟏
𝑻
)]           Equation 13 
Figure 42 shows the equivalent circuit model with each resistance for a PEMEC with the 
TT-LGDLs at anode of PEMECs. The calculation of the BP resistance and LGDL 
resistance has been studied and can be easily found in the previous publications [21, 24, 
27]. The LGDL/CL interfacial contact resistance and the CL resistance will be 
comprehensively investigated in the present study. 
 
 
Figure 42. Equivalent resistance model of the PEMECs with TT-LGDLs. 
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7.3.3.1 LGDL/CL interfacial contact resistance 
From the analysis of experimental results in our previous researches, it can been concluded 
that the number of reaction sites has great influence on the PEMEC performance [34]. 
Based on our previous discovery, the electrochemical reaction in an operating PEMEC 
only occurs on the CLs at the rim of the TT-LGDL pores, and there is no bubble generated 
on CLs in the open area of the TT-LGDL pores. It has been concluded that the large 
electrical resistance of the CL hindered the electron transport in the CL, and the 
electrochemical reaction happened at the interface between the CL and TT-LGDL [34]. 
This effect can be considered as interfacial contact resistance between the anode LGDL 
and anode CL. It has been already derived that the reaction sites is proportional to porosity 
over pore diameter that is shown below [34]. 
𝑺 = 𝟒𝑨𝒕 ×
𝒙
𝒍
×
𝜺
𝑫
                                          Equation 14 
Where S is the number of total reaction sites, 𝐴𝑡 is the total reaction area of the PEMECs, 
x is the number of reaction sites on each length l on the rim of the pore, D and ε are the 
pore diameter and porosity of the TT-LGDLs, respectively. It is assumed that all the 
reaction sites are in electric parallel with each other, so the total interfacial contact 
resistance would be inversely proportional to reaction sites. Therefore, the interfacial 
contact resistance between the anode LGDL and CL is derived from Equation 14 and can 
be represented by: 
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𝑹𝒊𝒏,𝒈𝒄,𝒂 = 𝑲 × 𝒅𝟎/𝜺𝟎                                  Equation 15 
Where K represents the interfacial contact resistance coefficient and it is a constant (equals 
to 1.4×10-2 Ω), which comes from the PEMEC performance experimental data fitting. ε0 
and d0 are defined as dimensionless relative porosity and pore diameter, respectively, 
which is used to eliminate their unit and make them easier for future calculations: 
𝜺𝟎 = 𝜺/𝟎. 𝟏                                          Equation 16 
𝒅𝟎 = 𝑫/𝟏𝟎𝟎𝟎                                        Equation 17 
It can also be found that with larger pore diameter, a large amount of catalyst sites located 
away from the rim will not behave normally due to the large in-plane resistance, which will 
result in worse performance and catalyst underutilization [34]. By increasing the porosity 
or decreasing the pore diameter, the number of reaction sites can be increased, and more 
catalysts are active. 
7.3.3.2 CL resistance 
It is known that the conventional CL is often the mixture of noble metal catalyst particles 
and the binder of ionomer, which are used to conduct electrons and protons, respectively. 
In a PEMEC, the electrochemical reaction takes place at triple-phase boundary (TPB) 
where there are electron/proton conductors, active catalysts, and pathways for 
reactants/products. The real equivalent circuit is very complex due to the complicated 
conducting pathway. To estimate the ohmic overpotential and obtain the current 
distribution within the CLs, a simplified CL equivalent resistance model is established to 
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calculate CL resistance, as shown in Figure 43.It has been concluded that the larger 
porosity under the same pore diameter will result in more reaction sites, which will 
contribute to better PEMEC performance [34]. When the porosity increases at a fixed pore 
diameter, the area under the land will decrease. If the similar electrochemical reaction 
happens under the TT-LGDL land, the land-area reduction will result in less reaction sites, 
which should cause worse PEMEC performance. From the present results and conclusions, 
the larger porosity will lead to more reaction sites and better performance. On the other 
hand, the transports of reactant and product to and from the under the land area of TT-
LGDL are more difficult than the pore area, which may also hinder the reaction under the 
land. Therefore, it can be assumed that the reactions under the TT-LGDL land are limited.  
All the currents will go through the CLs within pore area and their directions are from the 
TT-LGDLs through the CLs to the active reaction sites, which is shown in Figure 43. In 
order to analyze each resistance, the pore area of the CLs is divided into n tori. At the rim 
of the pore, the electrochemical reaction site within the first torus is marked as 1, and it is 
marked as n at the center of the pore. For instance, if the reaction site is located at the m 
torus, electrons will go from the (m-1)th torus through the CL to the 1st torus. While protons 
will diffuse directly through mth torus of the CLs to the PEM under the CLs. Hence, there 
exist two types of resistances: in-plane resistance due to the electron conduct and through-
plane resistance due to the proton conduct. The equivalent circuit of CLs is between point 
A and B, and other resistances of the PEMECs besides the CLs is represent by Rx and Ry. 
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Figure 43. Equivalent resistance model of the CLs within one pore of the TT-LGDLs 
at anode of PEMECs (Arrows in the figure represents the current flow direction). 
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Because the parameter of each torus is very small (just few microns in dimension), the in-
plane electron transport is considered as a 1D thin film. Therefore, the in-plane resistance 
of the CLs can be simplified and expressed by [41]: 
𝑹𝒊𝒑_𝒎 = 𝝆𝒊𝒏
𝒍
𝑨𝒎
                                           Equation 18 
Where 𝜌𝑖𝑛 is the resistivity of the CLs, and it is calculated from the sheet resistance of the 
CLs: 
𝝆𝒊𝒏 = 𝑹𝒔𝒉𝒆𝒆𝒕 × 𝜹                                         Equation 19 
The sheet resistance 𝑅𝑠ℎ𝑒𝑒𝑡 equals to 1011.85 Ω/⧠  for the anode CL (IrRuOx), which is 
measured by the four-point probe. The thickness of the CLs 𝛿 is 15 µm. 𝑙 is the length of 
the electron transport distance in each torus which is assumed to be the width of each torus 
and can be calculated by: 
𝒍 =
𝑫
𝟐𝒏
                                                     Equation 20 
The area 𝐴𝑚 is the lateral area of each CL torus: 
𝑨𝒎 = 𝝅𝒅𝒎𝜹                                              Equation 21 
Where 𝑑𝑚 is the diameter of the m
th torus. 
For the through-plane resistance, it can be expressed as below: 
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𝑹𝒕𝒑_𝒎 = 𝝆𝒕𝒑
𝜹
𝑨𝒎
′                                              Equation 22 
Where 𝜌𝑡𝑝  is the through-plane resistivity, which can be calculated from the ionic 
conductivity of the Nafion membrane. 𝐴𝑚
′  is the proton conducting area which is the torus 
area of CL as shown in Figure 43. 
After acquiring the in-plane and through-plane resistances of each torus, the total resistance 
of the CLs RCL can be obtained based on the fundamental knowledge of electrical circuit.  
𝑹𝑪𝑳 =
𝑹𝟏
𝑵
                                                   Equation 23 
Where 𝑅1 and 𝑁 are the CL resistance of each pore and number of pores in the TT-LGDLs, 
respectively, and they can be expressed by: 
𝑹𝒎 =
𝟏
𝟏
𝑹𝒊𝒑_𝒎+𝑹𝒎+𝟏
+
𝟏
𝑹𝒕𝒑_𝒎
 (𝒎 = 𝟏, 𝟐……𝒏 − 𝟏)                        Equation 24 
𝑵 =
𝑨𝜺
𝝅(𝑫/𝟐)𝟐
                                              Equation 25 
𝑅𝑚 is the resistance between point m and point B as shown in Figure 43. The current of 
each resistances can be also obtained by the equivalent circuit. The in-plane and through-
plane currents of each torus can be calculated by: 
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{
 
 
 
 𝑰𝒕𝒑_𝒎 = 𝑰𝒊𝒑_𝒎−𝟏 ×
𝑹𝒊𝒑_𝒎+𝑹𝒎+𝟏
𝑹𝒊𝒑_𝒎+𝑹𝒎+𝟏+𝑹𝒕𝒑_𝒎
 
𝑰𝒊𝒑_𝒎 = 𝑰𝒊𝒑_𝒎−𝟏 − 𝑰𝒕𝒑_𝒎
𝑰𝒊𝒑_𝟎 =
𝒊𝑨
𝑵
   (𝒎 = 𝟏, 𝟐……𝒏)         Equation 26 
Based on the above equations, the current distribution can be obtained and used to further 
analyze the electrochemical reaction mechanism. 
7.3.4 Activation and diffusion overpotential 
The activation overpotential and the diffusion overpotential can be expressed as [31, 36, 
41]: 
𝑽𝒂𝒄𝒕 =
𝑹𝑻𝒂
𝜶𝒂𝑭
𝒔𝒊𝒏𝒉−𝟏 (
𝒊
𝟐𝒂𝒓,𝒂𝒏𝒔𝒊𝟎,𝒂
) +
𝑹𝑻𝒄
𝜶𝒄𝑭
𝒔𝒊𝒏𝒉−𝟏 (
𝒊
𝟐𝒂𝒓,𝒄𝒂𝒕𝒔𝒊𝟎,𝒄
)              Equation 27 
𝑽𝒅𝒊𝒇𝒇 =
𝑹𝑻𝒂
𝟒𝑭
𝐥𝐧 (
𝑪𝑶𝟐,𝒎
𝑪𝑶𝟐,𝒎𝟎
) +
𝑹𝑻𝒄
𝟐𝑭
𝐥𝐧 (
𝑪𝑯𝟐,𝒎
𝑪𝑯𝟐,𝒎𝟎
)                          Equation 28 
Where R is the gas constant, T is the operating temperature, 𝛼𝑎 and 𝛼𝑐 is the charge transfer 
coefficients at the anode and cathode, which are 2.0 and 0.5, respectively [36], F is the 
Faraday constant, i is current density, 𝑖0 is the exchange current density on the anode and 
cathode electrode, 𝑎𝑟,𝑎𝑛  and 𝑎𝑟,𝑐𝑎𝑡  is the roughness factor of the anode and cathode, 
respectively, s is the interfacial liquid saturation between the anode LGDL and CL, 𝐶𝑂2,𝑚 
and 𝐶𝐻2,𝑚are the oxygen and hydrogen concentrations at the interface of CL and PEM, 
respectively. 𝐶𝑂2,𝑚0 and 𝐶𝐻2,𝑚0 indicate the reference values, which are calculated from 
the equations in the reference [27], and the values are 11.4 mol/m3 and 28.4 mol/m3, 
respectively. 
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In the Butler-Volmer model of kinetics, the activation potential is related to many factors, 
such as reaction mechanism, catalyst morphology, operating parameters, species 
concentrations and so on [41]. Different morphologies of TT-LGDLs will affect the 
number of active catalysts and species concentrations at the reaction sites, where meet TPB 
requirements. The species concentrations on the reaction sites at the rim of the pore will 
change with different TT-LGDL pore diameters and porosities. Based on our previous 
studies, the morphology of TT-LGDLs will affect the activation overpotential, which is 
inversely proportional to porosity and proportional to pore diameter [34]. Therefore, this 
effect is assumed as the roughness factor in Butler-Volmer model. By analyzing the 
experimental data, it has been found that this relation is not linear. Therefore, the anode 
roughness factor (ar,an) is influenced by the TT-LGDL pore diameter (d0), and porosity 
(𝜀0), which can be expressed as: 
𝒂𝐫,𝐚𝐧 = 𝒄 ∗ 𝜺𝟎
𝒖/𝒅𝟎
𝒗                                     Equation 29 
The constant and exponentials in this equation are the coefficients that obtained by the 
experimental fitting. Where c equals to 10, u and v equal to 2.5 and 0.5, respectively. For 
the cathode LGDL is carbon paper (Toray 090), which has been widely used in PEMEC 
modeling, and the roughness factor. Therefore, it is assumed equal to 1.0 [21]. 
In the present model, several assumptions for simplification are needed. First, the steady 
state and isothermal conditions are incorporated into the two-phase model of LGDL, since 
the titanium LGDL thickness is relatively small and its thermal conductivity of the Ti 
materials is high. Second, the electrochemical reaction only occurs at the interface between 
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the LGDL and CL. Since a typical oxygen-liquid water two-phase flow occurs at the anode 
of PEMEC that contributes to most of the diffusion losses, the present model will only 
focus on the mass transport process inside the anode LGDLs without considering the 
transport effects in the CL and PEM. At the anode side of a PEMEC, liquid water enters 
through the channel and then diffuses through the porous LGDL to the reaction site in the 
CL, where liquid water is decomposed into electrons, protons, and oxygen. Oxygen and 
liquid water two-phase transport equations inside the anode LGDL can be rewritten in the 
following form (for a hydrophilic LGDL) [31]: 
{
 
 
 
 𝛁 ∙ (−
𝒌(𝟏−𝒔)
𝟑
𝝁𝑶𝟐/𝝆𝑶𝟐
𝛁𝒑𝑶𝟐) = 𝟎
𝛁 ∙ [(−
𝒌𝒔𝟑
𝝁𝑯𝟐𝑶 𝝆𝑯𝟐𝑶⁄
)𝛁𝒑𝑶𝟐] + 𝛁 ∙ {(−
𝒌𝒔𝟑
𝝁𝑯𝟐𝑶 𝝆𝑯𝟐𝑶⁄
) [− (
𝜺
𝒌
)
𝟎.𝟓
𝝈𝒄𝒐𝒔𝜽]𝛁(𝟏. 𝟒𝟏𝟕(𝟏 − 𝒔) − 𝟐. 𝟏𝟐𝟎(𝟏 − 𝒔)𝟐 + 𝟏. 𝟐𝟔𝟑(𝟏 − 𝒔)𝟑)} = 𝟎
     
                                                                                                                                                                Equation 30 
In the present model, in addition to the diffusion overpotential, the activation overpotential 
is also closely related to the liquid water transport (the interfacial saturation), as shown in 
Equation 27 and Equation 28. 
7.4 Results and Discussions 
7.4.1 Model validation 
A self-written computational program, which is developed in MATLAB/Simulink 
platform, is performed to numerically solve the present mathematical model. Figure 44 
shows the full Simulink model of the PEMECs with TT-LGDLs, which includes the 
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operation module, TT-LGDL parameter module, ohmic resistance module, and voltage 
calculation module. When the operation conditions are kept the same, the effects of the 
pore diameter and porosity of the TT-LGDL can be calculated. To validate the present 
model, the experimental data of PEMEC performance with TT-LGDLs, which were 
performed in our previous study [34], are chosen to compare with the present modeling 
results. The operating temperature is varied, and the operating pressure is 1 atm at both the 
anode and cathode. Table 9 shows the basic geometrical and physicochemical parameters 
used in present model. 
Figure 45 (a) and (b) show the comparison of the present PEMEC model and experimental 
data of the PEMEC polarization curves with four different TT-LGDLs and one of them 
under different temperatures, respectively. In Figure 45(a), three TT-LGDLs with different 
pore diameters and porosities under 80oC are used to determine the critical fitting 
parameters in the model, including the exchange current density, the interfacial contact 
resistance coefficient, and the constants in Equation 15. By adjusting the exchange current 
density and the constants in Equation 15, the modeling polarization curves would gradually 
fit the experimental data under low current density range. The differences between the 
modeling results and the experimental data were calculated, and the optimized parameters 
were obtained. After determining these parameters, the interfacial contact resistance 
coefficient is adjusted and optimized to better fit the experimental data, especially under 
medium and high current density ranges. 
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Figure 44. MATLAB/Simulink model schematic of the PEMECs with TT-LGDLs. 
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Table 9. Basic parameters for the comprehensive PEMEC modeling. 
Description, symbol Value, unit 
MEA active area 5.0 cm2 
PEM Nafion 115 with 125 µm thickness 
Operating pressure, P Anode: 1 atm, cathode: 1atm 
Operating temperature, T 20, 40, 60, and 800C 
Anode LGDL Ti thin LGDL with 25.4 𝜇𝑚 thickness 
Cathode LGDL Carbon paper with 280 𝜇𝑚 thickness 
LGDL porosity, ε 
Anode: Varied from 0.1 to 0.9; 
Cathode: 0.78 
CL thickness, 𝛿 15 𝜇𝑚 
Titanium electrical resistivity 5.4×10-5 Ω cm  
Carbon paper (Toray 090) electrical 
resistivity 
8.0×10-2 Ω cm [30] 
Graphite (AXF-5Q) electrical resistivity 1.5×10-3 Ω cm [42] 
Anode CL electrical resistivity (catalyst: 
IrxRu1-xO2) 
Through plane 
5×10-2 Ω cm [30] 
Cathode CL electrical resistivity (catalyst: 
Pt/C) 
Through plane 
1.4×10-3 Ω cm [30] 
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Table 9. Continued. 
Description, symbol Value, unit 
Liquid water dynamic viscosity, 𝜇𝐻2𝑂 3.55 × 10
−4 N s/m2 [30] 
Liquid water density, 𝜌𝐻2𝑂 1000 kg/m
3  
Charge transfer coefficient, 𝛼𝑎and 𝛼𝑐 Anode: 2.0, Cathode: 0.5 
Reference value of oxygen concentrations, 
𝐶𝑂2,𝑚0 
11.4 mol/m3  
Reference value of hydrogen concentrations, 
𝐶𝐻2,𝑚0 
28.4 mol/m3  
Membrane humidification degree (Fitted) 24 [21, 43] 
Exchange current density (A/cm2) (Fitted) 
Anode: 6. 0 × 10−10, Cathode: 3.4 ×
10−1 
Interfacial contact resistance coefficient, K 
(Fitted) 
1.4×10-2 Ω 
Constant and coefficient, c, u, and v (Fitted) 10, 2.5, 0.5 
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Figure 45. Comparison and validation between the PEMEC modeling and 
experimental data. (a) Three TT-LGDLs with different pore diameters and porosities. 
(b) TT-LGDL tested under different temperatures.  
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The modeling results show very good agreement with experimental results for all the 
current density range for the above three TT-LGDLs. In Figure 45(b), one TT-LGDL 
sample are used in order to validate the model under different temperatures, and the results 
on temperature are in good agreement as well. Moreover, we checked the reliability of the 
model without changing any fitting parameters by using other experimental data. After the 
validation, the effective model is then used to calculate and analyze the current mapping 
around the CL surface, ohmic resistances effects, and TT-LGDL parameters and operating 
conditions effects on electrochemical performance and optimization of the PEMECs. 
7.4.2 Effects of LGDL pore diameter and porosity 
Pore diameter and porosity are two main parameters of the TT-LGDLs and they can be 
well-controlled during the fabrication process. It has been found that the larger porosity 
and smaller pore diameter could achieve better performance, and a superior performance 
of only 1.66 V at 2.0 A/cm2 and 80 oC has been obtained from the experimental study [34]. 
In order to further analyze the effects of the pore diameter and porosity, a wide range of 
pore diameters and porosities are chosen to model the performance of the PEMECs with 
TT-LGDLs. Figure 46 shows the cell voltage of PEMECs at 2.0 A/cm2 with different TT-
LGDL parameters. It can be seen that with the pore diameter of 50 µm and porosity of 0.9, 
the cell voltage is as low as 1.626 V. Under the same porosity, the cell voltage gradually 
increases to 1.6325 V, 1.6340 V, 1.648 V, 1.656 V, and 1.663 V with the increase of the 
pore diameter from 100 µm, 200 µm, 400 µm, 600 µm, to 800 µm. On the other hand, 
under the same pore diameter of 50 µm, with the decrease of porosity, the cell voltage will 
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be increased to 1.640 V, 1.656 V, 1.677 V, and 1.743 V for a porosity of 0.7, 0.5, 0.3 and 
0.1, respectively. When the porosity is 0.1, it can be found that the cell voltage is very high 
that is larger than 1.743 V, and it will reach 1.913 V with 800 µm pore diameter. It is 
obviously that the large porosity and small pore diameter TT-LGDLs have better PEMEC 
performance, which agrees with the experimental results [34].  
 
 
Figure 46. Cell voltage of the PEMECs with TT-LGDLs with different pore porosities 
under a temperature of 80 oC at a current density of 2.0 A/cm2. 
 
Figure 47 shows the contribution of each overpotential to polarization curve of the 
PEMECs under 80 oC temperature and 1 atm pressure. Regarding the four parts of 
overpotential, the diffusion overpotential contributes much less than the other three 
overpotentials. OCV occupies a large portion of the total cell voltage, and it equals to 
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1.1794 V under the 80 oC. Under low current density range, the ohmic overpotential is very 
small and activation overpotential dominates the polarization curve. In addition, the 
activation overpotential is relatively stable and it changes very small throughout the high 
current density range. The ohmic overpotential increases gradually with the increase of 
current density, but it still has less effect than activation overpotential.  
The ohmic resistance of the PEMECs comprises many parts, including PEM, CLs, LGDL, 
BP, interfacial contact and so on. The present comprehensive model can distinguish each 
of these resistances and the resistance of each component is shown in Table 10. It can be 
seen that the PEM resistance is the main contribution of the ohmic resistance which is a 
constant under a defined temperature and membrane humidification. Interfacial contact 
resistances are also larger than CL resistances, and it is greatly influenced by pore diameter 
and porosity of the TT-LGDLs. It can be seen that the total resistance decreased with the 
increase of porosity, and the CL and interfacial contact resistance have the same trend. 
While the ohmic resistance of the TT-LGDLs will increase with the increase of porosity. 
It should be noted that the ohmic resistance of the TT-LGDLs is relatively small compared 
with other resistances, such as PEM and interfacial contact. Therefore, it has limited effects 
on total resistance. Each overpotential of PEMECs with different TT-LGDLs was 
summarized in Table 11. It can be found that activation and ohmic overpotentials are the 
two main contributions of the total cell voltage besides the OCV. Both the LGDL pore 
sizes and porosities have important impacts on PEMEC overpotentials. The effects of pore 
diameter and porosity can be observed from Table 11. 
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Figure 47. Contributions of each overpotential to polarization curve of the PEMECs 
with TT-LGDLs. 
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Table 10. Relationship between resistance and anode LGDL with different pore 
diameters and porosities at 80oC. 
Pore 
Diamete
r [µm] 
Porosit
y 
Total 
Resistance 
[mΩ] 
TT-
LGDL 
Resistanc
e [mΩ] 
CL 
Resistanc
e [mΩ] 
PEM 
Resistance 
[mΩ] 
Interfacial 
contact 
Resistance 
[mΩ] 
50 0.1 15.17 0.000024 0.01802 11.49 1.497 
50 0.3 14.66 0.000031 0.00624 11.49 1.002 
50 0.5 14.46 0.000043 0.00389 11.49 0.8012 
50 0.7 14.18 0.000072 0.00288 11.49 0.5225 
50 0.9 13.73 0.000216 0.00231 11.49 0.0778 
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Table 11. Overpotential of PEMECs with different pore morphologies at 2.0 A/cm2 
and 80 oC. 
Pore 
Diameter 
[µm] 
Porosity 
Total 
Cell 
Voltage 
[V] 
OCV 
[V] 
Activation 
Overpotential 
[V] 
Ohmic 
Overpotential 
[V] 
Diffusion 
Overpotential 
[V] 
50 
0.1 1.7427 1.1794 0.3899 0.1517 0.0218 
0.3 1.6772 1.1794 0.3480 0.1466 0.0032 
0.5 1.6559 1.1794 0.3286 0.1446 0.0034 
0.7 1.6403 1.1794 0.3158 0.1418 0.0034 
0.9 1.6264 1.1794 0.3062 0.1373 0.0034 
100 
0.1 1.7549 1.1794 0.3949 0.1584 0.0222 
0.3 1.6850 1.1794 0.3533 0.1491 0.0032 
0.5 1.6627 1.1794 0.3338 0.1461 0.0034 
0.7 1.6467 1.1794 0.3210 0.1429 0.0034 
0.9 1.6325 1.1794 0.3115 0.1382 0.0034 
200 
0.1 1.7762 1.1794 0.4001 0.1745 0.0222 
0.3 1.6946 1.1794 0.3583 0.1537 0.0032 
0.5 1.6702 1.1794 0.3389 0.1486 0.0034 
0.7 1.6533 1.1794 0.3261 0.1444 0.0034 
0.9 1.6395 1.1794 0.3167 0.1400 0.0034 
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For the TT-LGDLs with same 50 µm pore diameter but different porosities, the activation 
and ohmic overpotential will decrease about 83.7 mV and 14.4 mV, respectively, when the 
porosity is increased from 0.1 to 0.9. For the other pore diameter TT-LGDLs, the similar 
trend can be obtained. When the porosity is kept the same at 0.9, the activation and ohmic 
overpotential will increase about 10.5 mV and 2.7 mV, respectively, when the pore 
diameter increased from 50 µm to 200 µm. The results showed that the activation 
overpotentials have more contribution for the performance improvement than ohmic 
overpotentials and the diffusion overpotentials are very small under the present conditions. 
7.4.3 Effects of temperature 
For the present comprehensive model, it can be found that the OCV, activation 
overpotential, membrane conductivity, etc. are closely related to the operation temperature. 
This model has been effectively validated to calculate the polarization curve under different 
temperatures and it has been seen that the performance of the PEMECs is greatly 
influenced by the temperature. Therefore, the temperature effects are investigated under a 
wide range with the 50 µm pore diameter and varied porosity TT-LGDLs and the modeling 
results are shown in Figure 48. 
It has been found that OCV occupies a large portion of the cell voltage from Fig.8, and its 
relation with temperature is shown in Table 12. OCV decreases gradually with the 
temperature increasing, which will help to obtain a lower cell voltage at higher temperature. 
For the ohmic overpotential, the largest ohmic resistance is from the PEM, and it will 
decrease significantly with the increase of temperature, as shown in Table 12. 
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Figure 48. Cell voltage of the PEMECs with a pore diameter of 50 µm TT-LGDLs 
under different temperatures at a current density of 2.0 A/cm2. 
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When the temperature increases from 10 to 90 oC, the OCV has a decrease of 72 mV, and 
the ohmic overpotential has a decrease of 175.1 mV due to the PEM. The activation and 
diffusion overpotential also has a closely relation with temperature, which will also impact 
the cell voltage of the PEMECs. Base on the calculation, it can be seen that the cell voltage 
will be reduced significantly with the increasing temperature and its effects are higher than 
TT-LGDL porosity. The results of the cell voltage confirm that the performance of 
PEMECs with TT-LGDLs could be improved by using larger porosity and applying higher 
temperature. 
7.4.4 Current mapping 
For the validation of the CL resistance model, the previous in-situ visualization results were 
used [18, 34]. The rapid microbubble dynamics, including its nucleation, growth and 
detachment, can be observed clearly. Even under the current density of 2.0 A/cm2, the 
bubble detaches rapidly within the pore in a few milliseconds, and its detachment diameter 
is much smaller than the pore sizes. In our previous study, the bubble nucleation sites have 
been verified to be same at electrochemical reaction sites [39]. Therefore, all bubbles 
nucleate along the rim of each pore, which also indicate the electrochemical reactions only 
occur at the triple-phase boundary (TPB) sites achieved at the rim zone of the pore. The 
CL sites that don’t satisfy TPB conditions will not have electrochemical reaction, and the 
bubble will not nucleate and grow [39]. The large in-plane ohmic losses in catalyst layers 
prevent the electrochemical reactions from occurring in the middle region of pores and act 
as an open circuit [34]. 
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Table 12. OCV and PEM resistance under different temperatures. 
Temperature (oC) OCV (V) PEM Resistance (mΩ) 
10 1.2424 27.92 
20 1.2334 23.96 
30 1.2244 20.78 
40 1.2154 18.18 
50 1.2064 16.04 
60 1.1974 14.26 
70 1.1884 12.76 
80 1.1794 11.49 
90 1.1704 10.41 
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Based on the modeling of the CL in-plane and through-plane electrical resistances, the 
current distribution along the radius direction can be obtained and the results are shown in 
Figure 49. The TT-LGDLs with a pore diameter of 50 µm and a porosity of 0.9 is chosen 
to map the current distribution. 
From the Figure 49(a), it can be found that the current will drop to less than 1% of current 
flow into this pore when the distance from the rim of the pore is over 3 µm, which implies 
that 99% of the in-plane current flow within a narrow torus at the rim area of the pore due 
to the large CL in-plane electrical resistivity. This phenomenon is confirmed by the in-situ 
visualization of oxygen bubble generation in PEMECs from our previous researches [18, 
34] and can explain why there is no electrochemical reaction at the middle of the pore. 
Therefore, it can be concluded that the utilization of the catalyst is highly controlled by 
electron transport within the CLs. It is expected that the utilization of catalyst can be 
improved by reducing the CL in-plane electrical resistivity and the results are also shown 
in Figure 49. It can be found that the current will go through the CLs within a wider torus, 
and the current will occupy larger area of the pore with the decreasing CL in-plane 
electrical resistivity. The current will distribute more uniformly when the CL in-plane 
electrical resistivity is reduced, as shown in Figure 49(e). The CL in-plane electrical 
resistivity is about 1.52*10-2 Ω*m, and the measured sheet resistance is about 1011.85 
Ω/⧠ . For the TT-LGDLs, the resistivity is 5.4*10-7 Ω*m and the calculated sheet 
resistance is about 0.0213 Ω/⧠ , which is much smaller than anode CL. It can be found 
that the present CL in-plane electrical resistivity is over 10,000 times than the electrical  
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Figure 49. Current mapping of the anode CLs in one pore area of TT-LGDLs (50 µm 
pore diameter and 0.9 porosity) under 80 oC and 2.0 A/cm2. (a) Current distribution 
from the center to the rim of the pore with different CL in-plane resistivities. (b) 
Current mapping with 1.52*10-2 Ω*m CL in-plane resistivity. (c) Current mapping 
with 1.52*10-3 Ω*m CL in-plane resistivity. (d) Current mapping with 1.52*10-4 Ω*m 
CL in-plane resistivity. (e) Current mapping with 1.52*10-5 Ω*m CL in-plane 
resistivity.  
228 
 
resistivity of TT-LGDLs. The pore diameter and porosity of the TT-LGDLs have great 
effects on PEMEC performance due to the electrochemical reaction mainly occurred at the 
rim of the pores and a large part of the CLs is not active. If the CL in-plane electrical 
resistivity is improved, it can be seen that the catalyst located at the middle of the pore will 
be activated, and the catalyst utilization rate will be greatly improved. The results of the 
current mapping clearly introduce a new direction of CL design and fabrication, which can 
greatly increase the catalyst utilization rate by preparing the CLs with smaller in-plane 
electrical resistivity. 
7.5 Conclusions 
In this study, a comprehensive PEMEC model for simulating the interfacial contact 
resistance, CL current distribution, and electrochemical performance coupled with 
thin/tunable liquid/gas diffusion layers (TT-LGDLs) at anode is developed and validated. 
This model takes advantage of the highly controlled pore morphology of TT-LGDLs and 
precisely simulate the effects of TT-LGDL pore diameter and porosity on resistances and 
overpotentials in PEMECs. The results exhibit that with a larger porosity and/or smaller 
pore diameter of TT-LGDLs, both CL in-plane resistances and CL/LGDL interfacial 
contact resistances will be reduced, and a better PEMEC performance will be obtained. In 
addition, a small pore diameter and/or a large porosity will lead to greater roughness 
factors, thus resulting in smaller activation overpotential. The temperature also has a great 
impact on PEMEC performance, especially on the OCV, ohmic resistance, and activation 
overpotential. The voltage of the PEMECs will increase significantly with the decreasing 
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of temperature, and the better performance will be achieved under higher temperature. 
More importantly, the present comprehensive model can be used to calculate the current 
distribution on the CL surface, which is confirmed and validated by previous experimental 
visualization results. The utilization of the catalyst and electrochemical reaction are highly 
controlled by in-plane electron conductivities within the CLs. The current mainly flow 
through the rim with narrow width of the pores and the catalyst in the middle of the pores 
is inactive, which will decrease the catalyst utilization, due to the large CL in-plane 
electrical resistivity of the conventional catalyst-coated membrane. It can be concluded that 
the catalyst utilization can be improved by reducing the pore diameter, increasing porosity, 
or reducing the CL in-plane electrical resistivity, which provide a new insight and direction 
for TT-LGDL and CL design and fabrication.   
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Appendix 
List of symbols 
𝐴  Reaction area, cm2 
𝑎0   Empirical coefficient to estimate the interfacial saturation 
𝑎r,an Roughness factor of anode in Bulter-Volmer equation 
𝑎r,cat Roughness factor of cathode in Bulter-Volmer equation 
𝐶𝑂2,𝑚 Oxygen concentration at the interface of electrode and membrane, mol/cm
3 
𝐶𝐻2,𝑚 Hydrogen concentration at the interface of electrode and membrane, 
mol/cm3 
𝐷  The pore diameter of the TT-LGDLs, µm 
𝑑0  Dimensionless relative pore diameter 
𝑖  Current density, A/cm2 
𝑖0  Exchange current density, A/cm
2 
𝑘  Permeability, m2 
𝑁  The total number of pores in the TT-LGDLs 
𝑝  Pressure, atm 
𝑅𝑖𝑛  Interfacial contact resistance, Ω 
𝑅𝑖𝑝_𝑚 In-plane resistance of the CLs at the m torus, Ω 
𝑅𝑡𝑝_𝑚 Through-plane resistance of the CLs at the m torus, Ω 
𝑅𝐿𝐺𝐷𝐿 LGDL resistance, Ω 
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𝑅𝑃𝐸𝑀 PEM resistance, Ω 
𝑅𝐵𝑃  Bipolar plate resistance, Ω 
𝑆  The number of total reaction sites 
𝑠  Liquid saturation 
𝑡  Time, s 
𝑇  Temperature, K 
𝑉  Voltage or overpotential, V 
𝑉0  Reversible voltage, V 
𝑧  Mole number of electrons 
Greek 
𝛼𝑎  Anode charge transfer coefficient 
𝛼𝑐  Cathode charge transfer coefficient 
𝜀  Porosity 
𝜀0  Dimensionless relative porosity 
θ  Contact angle of TT-LGDLs, degree (o) 
𝜇  Fluid dynamic viscosity, N s/cm2 
𝜌  Resistivity, Ω cm or Fluid density, kg/cm3 
𝜎  Surface tension, N/cm 
𝜎𝑚  PEM conductivity, S/cm 
𝛿𝑚  PEM thickness, micron (µm) 
𝜆  PEM humidification degree 
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Constants 
𝜌𝐻2𝑂 Water density, 1.0 g/cm
3 
𝜇𝐻2𝑂 Water dynamic viscosity, 3.5×10
-7 N S/cm2 
𝐹  Faraday constant, 96485.0 C/mol 
𝐾  K coefficient, 1.4×10-2 Ω 
𝑀𝐻2  Hydrogen molar mass, 2.0 g/mol 
𝑀𝐻2𝑂 Water molar mass, 18.0 g/mol 
𝑀𝑂2  Oxygen molar mass, 32.0 g/mol 
𝑅  Gas constant, 8.314 J/mol K 
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CHAPTER VIII 
CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORKS 
In this research, a set of thin titanium LGDLs with well-tunable pore morphologies have 
been developed to promote PEMEC performance, and to precisely investigate the impacts 
of the LGDL pore size, porosity and pore shape. The TT-LGDLs exhibit exceptional 
performance: at a current density of 2.0 A/cm2 with a porosity of 0.7 and a pore size of 400 
µm, the required voltage reaches only 1.661 V. It has been revealed that the PEMEC has a 
better performance with a larger porosity under a fixed pore size. It also can be found that 
the PEMEC performance decreases gradually with the increase of pore size from 100 to 
800 µm, but pore-size impacts are not significant compared to porosity. The effect of pore 
size and porosity explained by the electrochemical reaction mechanism is also introduced 
in this study. Larger porosity and smaller pore size can increase the reaction sites in the 
PEMEC which could help to decrease the total ohmic losses and activation loss which are 
two dominant factors of PEMEC performance. The superior performance (1.639 V at 2.0 
A/cm2 and 80 oC) has been achieved by a square TT-LGDLs with 418 µm pore size and 
0.70 porosity, which is the lowest value that has been publicly reported so far. In addition, 
it has been found that the square is the best and the circular is the worst pore shape among 
the three different designs. The TT-LGDLs with square pore shape can achieve better 
PEMEC performance than triangle and circular TT-LGDLs with a similar pore 
morphology. Due to the thin features of the novel TT-LGDLs, not only the 
thickness/volume/weight of the PEMEC stack can be reduced greatly, but also the materials 
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used for LGDLs can be decreased which helps to reduce the cost. Since all the TT-LGDLs 
in this study have a better performance than the conventional LGDLs, such as titanium felt 
and woven mesh, they are expected to have many potential applications in energy and 
environmental engineering. 
However, resistance to corrosion in such systems is achieved by surface oxide formation, 
which can increase surface electrical resistivity and detrimentally impact cell performance. 
In this research, different gold surface treatment methods were applied to TT-LGDLs in 
order to gauge the potential to improve the PEMEC performance. By applying a 180 nm 
thick Au thin film on the titanium based TT-LGDLs, the PEMEC voltage can be decreased 
from 1.6849 V to 1.6328 V at 2.0 A/cm2 and 80 °C. More importantly, the 
hydrogen/oxygen production rate can be greatly increased by 28.2% at 1.60 V and 80 °C 
compared to untreated TT-LGDLs, which will greatly save the feedstock cost and energy. 
Furthermore, the 100 hour short term stability test of the surface treated TT-LGDLs 
showed no obvious degradation, which demonstrated that the electroplated Au thin film 
has a good stability. The superior performance achieved by the TT-LGDLs with surface 
treatments makes them a promising component in the PEMECs and helps to industrialize 
PEMECs, which provide a route to improve efficiency of hydrogen/oxygen production 
from water splitting. The results obtained have also demonstrated the advantages of the 
gold electroplating as a simple and reliable method for TT-LGDL surface treatments for 
enhancing the PEMEC application and titanium material protection.  
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The ultrafast and multiscale HER and hydrogen bubble dynamic phenomena in an 
operating PEMEC was also in-situ observed for the first time in this study. Based on the 
visualization results, the novel thin GDE was introduced and characterized. This work 
introduces a novel thin GDE formed by the deposition of platinum directly onto TT-
LGDLs. These novel TT-LGDLs have been shown to deliver superior performance in 
PEMECs over conventional CCMs. The impact of Pt loading on thin film morphology was 
examined by SEM and STEM. The performance of different loadings was in-situ 
investigated in a PEMEC and the results were compared to those performed in CCMs. 
Although the performance of the deposited GDE was not better than conventional CCM, 
the GDE achieved satisfactory performance with much higher mass activity, most 
importantly with the significantly reduced platinum catalyst loadings by removing the 
inactive catalyst in the middle of the pore area, which provide a direction of future CL 
design and fabrication. It is likely that by decreasing the resistance of the novel thin GDEs, 
the mass activity and performance of the PEMEC can be further improved, which will be 
a promising method of novel GDE fabrication. 
The well-tunable pore morphologies are extremely valuable to advance numerical 
modeling of electrochemical reactions and associated multiphase flow as well. This 
research for the first time presents a comprehensive computational model for the PEMECs 
with TT-LGDLs, which have attracted more attention for renewable energy storage and 
hydrogen production. A new ohmic loss model for PEMECs has been developed and the 
influence of operating conditions and physical design parameters on its performance has 
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also been investigated. The interfacial contact resistances between the CLs and LGDLs 
have been found to play an important role in electrolyzer performance, and the present 
mathematical model can precisely simulate and calculate the contact resistance. 
Furthermore, the roughness factor in the Butler-Volmer equation, which is used to calculate 
the activation overpotential, can greatly influence the PEMEC performance by pore 
morphology of the TT-LGDLs, and its relation has been embedded in the comprehensive 
computational model. More importantly, a novel two-dimensional (2D) CL resistance 
model, which consists of both in-plane and through-plane resistance models, is also 
developed to predict the current distribution on the CLs. The present model can precisely 
match the experimental results and effectively calculate the PEMEC performance with 
different TT-LGDL morphologies and operating temperatures. It is obviously that the large 
porosity and small pore size TT-LGDLs have better PEMEC performance, which agrees 
with the experimental results. The pore size and porosity of the TT-LGDLs have great 
effects on PEMEC performance due to the electrochemical reaction mainly occurred at the 
rim of the pores and a large part of the CLs is not active. If the CL in-plane electrical 
resistivity is improved, it can be seen that more catalyst located at the middle of the pore 
will be activated, and the catalyst utilization rate will be greatly improved. The results of 
the current mapping clearly introduce a new direction of CL design and fabrication, which 
can greatly increase the catalyst utilization rate by preparing the CLs with smaller in-plane 
electrical resistivity. Results obtained from the present model will provide a deep 
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understanding of the functions of TT-LGDL morphology, and also help to optimize the 
design and fabrication of both the TT-LGDLs and CLs. 
It has been found that TT-LGDLs with smaller pore size and large porosity can help to 
enhance the PEMEC performance. But, by using the above mentioned technologies, it is 
impossible to fabricate the TT-LGDLs with pore size smaller than 100 µm and very large 
porosity. In the future, it is also very attractive to develop laser machined thin titanium-
LGDLs (LMTT-LGDLs) with nano/micro pores by using advanced laser machining 
technology, which can fabricate pores with a size of less than 10 μm and a high porosity. 
In addition, the TT-LGDLs with smaller pore size can be made from dry-etching. These 
two methods can be investigated which will help to fully understand the effects of TT-
LGDL parameters, and the improved performance is also expected with smaller pores. 
Another novel thin dual layer TT-LGDLs (DTT-LGDLs) are also a promising component 
for PEMEC performance enhancement. This DTT_LGDLs can be designed with a 
thickness of 50 μm, and have a gradient pore size along its thickness, as shown in Figure 
50. The upside of the DTT-LGDLs has the large pores and it is connected with BP, while 
the bottom has much smaller pores and connect to CL. Because the in-plane transport is 
not allowed in TT-LGDLs, lots of pores will be blocked by the land of the flow field on 
the BPs if the pore is fully covered by the BP land, and this effect can be significant 
especially when the pore size is much smaller than the land width. Here, the DTT-LGDLs 
are proposed and it can perfectly deal with this problem by introducing a gradient pore size. 
At the BP side, a large pore (with 150 to 400 μm pore size) can be manufactured by the 
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chemical wet-etching with about 25 μm thickness. Then, the bottom of the pore will be 
further fabricated with much smaller pores (with 10 to 50 μm pore size) by advanced 
micro/nano manufacturing methods, such as dry etching and laser machining. It is expected 
that much more active reaction sites will be available when applying the DTT-LGDLs, 
which is due to the smaller pore size on the CL surface and elimination of BP land blocked 
pores. 
 
 
Figure 50. Schematic of the novel DTT-LGDLs. 
 
More importantly, the idea of TT-LGDLs will lead to a manufacturing solution to combine 
the LGDL with the metallic bipolar plates, since they can be easily integrated together by 
top-down and bottom-up manufacturing process. For example, by utilizing the additive 
manufacturing (AM) methods, four conventional components (LGDL, BP, CD, and 
Gasket) in a PEMEC can be integrated into one multifunctional AM plate without 
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committing to tools or molds. In addition, since the interfacial contact resistances between 
those parts were eliminated, the PEMEC performance and efficiency are expected to be 
greatly improved.  
The OER is the main source of irreversibility, and the anode electrocatalysts have much 
more effects on the overall PEMEC performance than the cathode. The novel thin GDEs 
as cathode electrode have achieved much higher catalyst mass activity and good 
performance, therefore, this method is also anticipated to be effective when applied at 
anode. In state-of-the-art technology, Ir oxide is generally used as anode catalyst with a 
typical loading of few mg/cm2. The Ir can be deposited on TT-LGDLs by sputter coating 
or electroplating, and the deposited TT-LGDLs can work as anode GDEs. The Ir deposited 
GDEs are expected to achieve good performance and high catalyst mass activity. This is 
also a promising method for future GDE design and development. 
The other proposed methods for CL fabrication including the spraying and 3D ink-jet 
printing. It has been found that the sputter deposited Pt thin film is an ionomer free CL, 
which leads to a large interfacial contact resistance between the CL and PEM. This research 
proposes to fabricate the CLs using the advanced 3D ink-jet printing method, which can 
print the CLs layer by layer with different patterns, desired catalyst loadings, thickness and 
ionomer content. The catalyst inks will be prepared by ethylene glycol, DI water, catalyst 
nano particles, and ionomer solution to reach a satisfied viscosity, concentration and etc. 
for 3D printing. It is expected that there will be more HER/OER sites occurred in the pore 
area than conventional CCM due to the desired CL patterns and improved in-plane 
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electrical conductivity of the CLs, which will lead to better performance than conventional 
CCM. 
The work will lead to a new guide for future researches and developments towards high-
efficiency and low-cost energy storage, which could help to make PEMECs widely applied 
in industry and let hydrogen goes into our daily life.  
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